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NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics
and Space Administration (NASA), nor any person acting on
behalf of NASA:

A} Mokes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, apparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method or process disclosed in
this report.

As used above, “person acting on behalf of NASA" includes
any employee or contractor of NASA, or employee of such con-
tractor, to the extent that such employee or contractor of NASA,
or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment
or contract with NASA, or his employment with such contractor.

Requests for copies of this report
should be referred to:

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Washington 25, D.C.

Attention: AFSS-A
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SUMMARY
oW
In this quarterly report, design manuals and Fortran computer programs

are presented for the following AC generators:

1. Two-Coil, Inside-Coil Lundell or Becky-Robinson Generator
2. Two-Coil, Outside-Coil Lundell

3. Single-Coil, Outside Coil Lundell

4, Rotating-Coil Lundell (Automotive Type)

5. Inside-Coil, Stationary-Coil Lundell.
Design manuals without computer programs are presented for:

6. Permanent-Magnet AC Generators
7. Homopolar Inductor AC Generators

8. Disk-Type or Axial Air-Gap Lundell Generator

An equivalent circuit representation of synchronous AC generators is

A '
published with a discussion of its development. "'A(Uv'
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THE NEXT REPORT

The next report is the final report, to be issued in October, and it
will consist of two parts. The first part is generator selection cri-

teria and the second part is the electrical design section.

In the first section, the selection criteria, comparison data will be
published. Such data will be weight and physical size comparison,
evaluations of rotor dynamics, suitability of the various types of gen-
erator rotors for use with gas or liquid bearings. Thermal equiva-

lent circuits are to be published in the selection section also.

The second section of the final report will contain the generator design
manuals with the Fortran computer programs and the synchronous

generator equivalent circuits.

An appendix will be published containing the small studies, discussions

and derivations that support the rest of the study.

For each generator design manual, a general approach to the start of

a generator design will be provided. It will be similar to that provided
for permanent magnet generators in this third quarterly report. Beyond
this general approach, the user must select the various design
parameters himself. The user of these programs should have some

familiarity with AC machine design.



In this, the third quarterly repert, Fortran computer programs and
design manuals are published for the following AC generators:
1. Two-Ceil, Inside-Coil Lundell or Becky-Robinson Generator
2. Two-Coil, Outside-Coil Lundell Generator
Single- Coil, Outside-Coil Lundell Generator

oW

Rotating-Coil Lumdell (Automotive-Type) Generator

5. Inside-Coil, Stationary-Coil, Lundell Generator

Design manuals without computer programs are published for:
6. Permanent-Magnet AC Generators
7. Homopolar Inductor AC Generators
8. Axial Air-Gap Lundell Generators

The last three design manuals are to be programmed in Fortran for
the final report. And, in addition, a program for Induction generators

will be included if time on this contract permits.

Because of the general and widely understood use of the term ILundell,
all of the generators discussed in this study that have claw-type or
interloeking, finger-type poles are called Lundell generators. To
most engineers, the name Lundell deseribes the rotor pole arrange-

ment. In this report, there is no other basis for the use of the name.
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NOTE ON WINDAGE CALCULATIONS

In each design manual there is a statement to the effect that there
is no known satisfactory method of calculating windage. That, of
course, is open to challenge and probably should read "we know

ofno........". Theformula given is crude and is only in-

tended for use in standard air.

For gases or fluids other than standard air, the fluid density and
viscosity must be considered. The formula given in the manual

can be modified by the factors

(Y ()

where <a = density - Ibs FT-3
AL = vyiscosity LBS FT-1 HR-1
.0765 = density std. air
. 0435 = viscosity Std air

The above relationship can be arrived at by referring to Shepherd
"Principles of Turbomachinery', Macmillan Pub. Company. See

page 152, The friction factor for turbulent flow is a function of

e
Rg)

for a fixed velocity and fixed dimensions. The correction for a

gas other than standard air, since Ry = RV_f_

£ Q-0 6

1
m. 2 and the loss is a function of 9 times a constant

, would be




A person unfamiliar with electrical machine design would benefit from
a synthesis program that selected the design parameters for the de-
sign program inputs, but the time available on this contract does not

allow its development.
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HOMOPOLAR INDUCTOR, AC GENERATOR

Before 1900 ih the young age of electrical power engineering, many
different generator designs were proposed and patented. One of those
old designs, widely used since its conception, is described in U.S.
Patent No. 499446 issued to William Stanley, Jr. and John F. Kelly

in 1893.

The same configuration is now made by every company building homo-

polar inductor AC generators.

The AC generator known as the homopolar inductor is confused in the
literature with a DC generator that is also called a homopolar inductor.
The DC generator is called both a unipolar generator and an acyclic
generator to distinguish it from the AC machine. A paper given by

B. G. Lamme, AIEE Transactions 1912, PP 1811-1835, describes

the development problems of a 2000 KW acyclic (DC) generator. The
acyclic generators are of interest for generating the high direct cur-
rents needed for pumping liquid metals but are not discussed in this

study.
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SMALL HOMOPOLAR INDUCTOR GENERATOR

The homopolar inductor, AC generator uses two identical wound stators

and two identical rotor sections to produce AC electrical power.

The magnetic flux from the rotor poles passing through each stator
section and linking the output windings, is unidirectional and pulsating.
Since the magnetic flux never changes direction in a stator and the
poles of a rotor section are of one polarity, the generator has been

called a homopolar generator (or alike-pole generator).
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W. STANLY, Jr. & J. F. KELLY.

No. 499,446,

ALTERNATING CURRENT GENERATOR.
Patented June 13, 1893.
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The usual homopolar inductor consists of two identical stators wound
with a common winding, a double rotor having all north poles on one
end and all south poles on the other end, and a field coil enclosed in
the magnetic path formed by the outer shell or yoke, the stators, and

the rotor.

When the field coil is excited and the rotor is rotating, unidirectional
fields of flux cut the windings of each stator in such a manner that
approximately the same voltage is generated in the two stator combined
as would be generated in one stator by a single rotor having both the
north and south poles of the two ends of the homopolar inductor rotor.
In other words, two stators and two rotor ends are electrically and
magnetically accomplishing what one stator and its corresponding rotor
would do in a conventional salient-pole, synchronous, wound-field

generator.

The homopolar inductor alternator has been known and used for approxi-
mately seventy (70) years. During this time it has been used mainly

in industrial applications where size and weight were of little consequence.
One of its uses has been to supply high frequency electrical power for

induction heating of steel products.




Homopolar inductor designs used in industrial applications have poles,
or rotor teeth as they are often called, protruding far out of the shaft
so that only a very small amount of unwanted flux passes from the
shaft to the stator between the poles of a single polarity (on one end

of the stator.)

Recently, the homopolar inductor is being used in airborne and space
applications where size and weight are of primary importance. In

these applications the area of the shaft between the two groups of poles
of opposite polarities directly limits thé maximum output of the machine.
In these minimum weight designs, the shaft is the largest diameter
practicable and the poles or rotor teeth do not protrude far from the
shaft. The unwanted flux passing from the shaft to the stator in the
region between poles of like polarity is significant. It is of the order
of several percent in a practical, useable design. This unwanted flux
generates a voltage opposite to the output voltage in the output windings

and reduces the output of the machine,
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View showing a conventional four-pole, homopolar

inductor rotor with approximately the proportions
that might be used for maximum output

Wi

View of the rotor shown at the top of the page after
removal of excess metal to improve the output of
the generator
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Advantages of the homopolar inductor generator for use in space power

systems are:

It is simple in design and inherently reliable.

The homopolar rotor has high strength and can be used
b

At lower speeds the rotors can be laminated to remove

the output limits imposed by pole-face losses.

Disadvantages of the machine for the same applications are:

1.

It is a heavy machine -- the heaviest of all of the AC

generators if compared at the same rpm.

Stator protection problems are compounded by the two

stators when used in a hostile environment.

vhe solid pole faces limit the output unless the poles

are treated to reduce the pole-face losses.

The long, double rotor is sometimes not as stiff as de-
sirable for high-speed applications where fluid or gas

bearings are used.
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NOTICE

The design procedure given here has not been checked yet. For
the final report a design calculation will be compared against

test data and the errors in procedure, etc., will be corrected.

The numbers and general arrangement for a computer program

are used and the program will be in the final report.



9 HOMOPOLAR INDUCTOR A-C GENERATOR

% PF

Volts Amps .

Ph. Cyc les

STATOR

PUNCHING 1. D.

PUNCHING 0. D.

CORE LENGTH

DBSx2

SLOTS

SIZE SLOTS

CARTER COEFF.

TYPE WDG.
THROW

SKEW & DIST. FACT.
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Field turns
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Y
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MEAN TURN
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% LOAD
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ROTOR

SINGLE GAP Ge

ROTOR DIAMETER
PERIPHERAL SPEED

POLE PITCH oc

POLE AREA

POLE DENSITY

GRADE OF IRON

>

LOSSES-EFFICIENCY

% LOAD

F&W

STA. TEETH

STA. CORE

POLE FACE

DAMPER

STA ISR

REACT-TIME CONST.

SYNCH. Xd Xq

UNSAT TRANS.

SAT. TRANS.

SUBTRANS. X3 X4

NEG. SEQUENCE

ZERO SEQUENCE

OPEN CIRC. TIME CON.

|ARM TIME CON.

| TRANS. TIME CON.

[suaTRAns. TIME CON,

EDDY

ROT. 1R

RATING

RTG+ LOSS
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VALUES OF Ky . FOR INTEGRAL-SLOT, 3Q WINDINGS - TABLE 2 .
n Kz, = HARMONIC DISTRIBUTION FACTORS - '
Q= 2 3 | 4 s 4 7 8 9 10 O
| 966 .960 .958 .as51 9s7 .957 956 gss .955 955
3 Jo7 667 454 .646 . 644 .642 .64 .640| .63% .6%6 .
5 .259 27 . 208 .200 . M7 195 194 . 194 .193 A1
7 -.259) - a7 S8 | =~ 149 - 145 143 | ~ .141 | - 190| ~.140 136 l
9 - .77 | - .333 ate| ~.247| - . 236 229 —.225 | < 222| - .220 202
1h | -.966 | - 117 26| ~ q10| - s0z| - 097| —.095 | < 093| —.092| - .087 l
13 —~ .96 217 126 . 102 .092 . 086 .083 | o .079 073
IS | - .77 .667 .270 . 200 72| 158 . 150 145 127 l
17 | - .259| .%o | .158| .102| .osg| .o75| ..070|  .06s| .06a| .osé
19 259 9é0 .20 - .1o| - .ogs 072 ~ .066| - o062 | ~ .060 059
21 .70? . 667 654 ~ 297 - .172 143 —.1272 | - 8| - .12 o '
23 .966 a7 9581 - 1499} -~ .0%2 ,o72| — 063 | - .057?| ~ .0s5¢ .04
28 966 | - 127 . 958 .200 Y2 .075 . 063 .056 .052 .038 '
27 707 | - .333 654 .696 .23 . 158 127 Al .10¢ .on
29 .259 ¢ - 17 . 205 957 145 .086 .066 .056 .00 .033 l
31 - .259 .u? IS8 gs2| - 497 - .0972] - 07| - .057| - .0s0 .03/
i
33 ~ .709 .667 .270 696 | - 644 .29 | - IS0 | - .18 | — .10l .058 l
35 | - .96 . 960 126 .200 | - .957 . 143 | ~.083 | - 062 - .052 .027
37 - .966 .90 426 | - 199 | - .957 19s 095 . 066 . 054 .026 .
39 - .707 .667 .270 | - ,297| -.694 .642 225 . 145 1H2 . 099
4] - . 259 -.217 IS8 | - .no| =-.19?7 .957 141 .081 ~ 060 .623 '
43 .259 | = am7 .205 . lo2 .45 .gs7 | — 194 -.093| - 064 .022
4s 707 | ~ .333 654 | .200 .236 692 | - 64| ~.222| - 191 042 '
47 66 | —. 177 .958 .flo2 .lez 195 | -.956 | = .190]| - .09 . 020
49 966 .27 .958 | -~ 110 | - .092 .143 | ~ .956 194 092 .019
LY 707 667 654 | - 247 | - 72 .229 | ~ ,641 .640 220 .038 '
53 .259 .960 .20 | -.1499 | -.084 097 | - .194 .955 1496 .018
Ss ~ ,25¢ .90 .158 . 200 .084 . 086 A4 955 | ~.193 .o17 l
57 ~ 707 . 667 .270 .64¢ T2 . 158 . 225 .690| - .639 .033
59 - . 966 .an . 126 957 092 .075 .095 194 - 95§ .016 l
é1 ~.9%6 | - .17 126 957 | - .102 072 | - .083| - .140| - 95§ , 016
3 ~ 707 | - .333 .270 646 - .236 143 | -.150]| ~ .222| ~ 6% .030 l
és ~-.259 | ~ 17 .158 200 -, (4S5 072 | -~ 070| - .093}| ~ .(93 .015
i




ROUND COPPER WIRE TABLE 3

Si26 | Bare | Area “*[1000' | Sincie | HEAVY | Sincee Geass| BARE Wr | Sineie Geass| Dovsce Guass

AWG | Diamerer a“ @ 25°C |Formvar | FormvAR| Formvar */1000' Stwicone SicicoNE
36 | .0050 |.0000196 | 424 |.0056]| .0060 .0757
35 | .0056 |.0000246| 338 . 0062 | .0066 L0949
34 | .0063 |.00003i2 266 .0070 | .0074 . 1201
33 | .0071 |.000039¢6 210 .0079 | .008% 1526
32 | .0080 |.0000503 165 .0088 |.0094 .ol . 1937
31 . 0089 | .0000622 134 .0097 | .0104 .0130 .2398
30 | .0100 |.000078s 106 . 0108 | .0116 L0142 .3025 .0132 .0152
29 | .0113 | .000100 831 .0122 |.0130 .0156 . 3866 0145 .0165
28 | .0126 | .000125 | 66.4 .0135 | 0144 | .0169 .4806 .01S8 .0178
27 | .0142 | .000158 526 .0152 | .0l€l .0186 .610] L0174 L0194
26 | .0159 | .000199 41.7 .0169 | .0179 .0203 .7650 .0191 L0211
25 | .0179 | .000252 330 |[.0190 |.0200 | .0224 .970 .0211 023
24 | .0201 | .000317 262 {.o2a3 [.0223 | .0263 1.223 . 0251 ..0276
23 | .0226 | .000%401 | 207 0238 | .0249 | .0289 L.546 .0276 .0301
22 | .0254 | .000507| I64 .0266 | .0277 .0317 1.937 .0303 .0328
21 .0285 | . 000638 13.0 .0299 | .0310 .0349 2.459 .0335 .0360
20 | .0320 |.000804 10.3 .0334 | .0346 | .0384 3.099 .0370 .0395
19 .0360 | .00102 81y .0374 | .038¢ -0424 3.900 .0409 .0434
18 - 0403 | .00126 €59 |.0%8 | .043 .0%68 4. iy . 0453 .0478
17 .0453 | .00159 5.22  |.0469 | o482 0519 6213 . 0503 .0528
16 | .0508 | .00204 407 |.0524 |.0538 | -0575 | 7812 .0558 .0583
15 | .os7i | .0o2ss | 326 | .osgs |.0602 | .0639 | 987 L0621 L0646
4 .0641 .00322 2.58 .0659 [.0673 .0710 12.44 .0691 L0716
13 | .072 .00407 2.04 .0738 |.0753 | .0789 15.69 .0770 .0795
12 .0808 | .00515 161 .0827 | .0842 | .0877 19.76 .0858 -0883
it .0907 . 00650 1.28 .0927 |.0942 .0977 24.90 .0957 .0982
(0 .102 . 00817 1.02 .1039 |.10S5 .1089 31.43 .1069 .1094
9 1Y .0102 81y 165 | 1181 .1225 39.62 L1204 . 1254
8 | .19 . 013 634 1.1306 |.1323 | .1366 | 49.98 .134S .1395
7 A4y .0163 .510 1465 | .1482 .1525 63.03 /1503 /553
6 162 .0206 403 |.1643 |. 1661 1703 79494 . 1680 .1730
S 182 .0260 .319 .1842 | .18¢1 1902 100.2. .1879 .1929
4 .204 .0327 .254 126.3 .2103 .2153
3 .229 0412 .202 159.3

2 .258 .0523 159 2009
L O .| .325 .0830 100
2/0 | .3es .10S .0791 o
4/0 Hen bk 0snn
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Calculation
Location

(78)

(46)
(89)
(85)
(20)
(128)
(125)
(140)
(163)
(127)
(89)
(89)
(76)
(22)
(76)
(22)
(15)
(22)
(22)
(22)

m e Eon b oo
= SYMBOLS

Symbol

A

(=3
-3

< W 7

o
[

& oF

Explanation

Ampere conductors per inch of stator
periphery

Strand area (stator)

Field conductor area

Pole area

Density

Core density

Gap density

Pole density no load

Pole density full load

Tooth density

Width of slot opening (damper)
Width of rectangular slot (damper)
Pole head width

Width of slot opening (stator)
Pole body width

Stator slot dimension per Fig. 1
Width of duct

Stator slot dimensions per Fig. 1
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Calculation
Location Symbol Explanation
(74) Cm Demagnetizing factor
(73) Cp Average/maximum field form
(75) C q Cross magnetization factor
(72) Cw Winding constant
(71) C, Ratic max. to fund.
(32) c Parallel circuits
(12) D Stator outside diameter
(11) d Stator inside diameter
(35) db Diameter of bender pin
{113) dr ROLOTr Outside diameier
@3) E Line volts
(145) EF Field volts no load
(168) EFFL Field volts full load
’'4) EPH Phase volts
'35) EFtOp Eddy factor top
56) EFbot Eddy factor bottom
(130) F c Stator core ampere turns
(131) Fg Air gap ampere turns
(165) FFL Total ampere turns full load
(142) FNL Total ampere turns no load
(141) Fp Pole ampere turns at no load
(164) FPL Pole ampere turns at full load
(136) | Short circuit ampere turns
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Calculation

Location Symbol
(129) F,
(147) F&W
(5a) f
(69) A
(592) 8max
(22) h,
(22) h,
(22) h,
(22) hy
(22) hy
(22) h,
(22) h
(22) ) J
(89) h
(89) By1
(24) h,
(76) he
(37) h st
(38) b,
®) Ipn
(166) S

Explanation

Stator tooth ampere turns
Friction and windage
Frequency

Effective air gap

Maximum air gap

Stator slot dimension

Height of slot opening
Rectangular bar thickness
Depth below slot

Pole He g’h‘t

Uninsulated strand height
Distance between center line of strand
Phase current

Field amperes at full load




Calculation

Location

(143)
(146)
(158)
(9a)
(43)
(18)
(44)
(67)
(42)
(2)
(151)
(19)
(48)
(113)
(13)
(93)
(136)
(76)
(76)
(17)
(49)
(100)
(5)

Symbol

IgNL

fez

ftr

25

Explanation

Field amperes at no load
Field loss

Stator copper loss
Adjustment factor
Distribution factor
Stacking factor

Pitch factor

Carter coefficient

Skew factor

Machine rating

Pole face loss factor
Watts per 1b.

End extension one turn
Field self inductance
Gross core length
Damper bar length

Coil extension straight portion
Pole head length

Pole body length

Solid core length

1/2 mean turn

Mean length of field turns

Number of phases
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Calculation

Location

(34)
(92)
(45)
(99)
(30)
(14)
9)

(6)

(23)

- (53)
(54)
(107)
(108)
(137)
(47)
(144)
(133)
(134)
(135)
(132)
(149)
(172)

-
-p

=P
TR 2

-3

do

€

€

DFL

Explanation

Strands per conductor
Number of damper bars

Effective conductors

- Number of field turns

Conductor per slot
Number of ducts

Power factor

Number of poles

Number of slots

Stator resistance at 20°C
Stator resistance at X °C
Field resistance at 20°C
Field resistance at X °C
Short circuit ratio

Stator current density
Field current density
Armature time constant
Transient time constant
Subtransient time constant
Open circuit time constant
Stator core loss

Damper loss at full load




Calculation
Location

(157)
(171)
(150)
(170)
(148)
(98a)
(79)
(81)
(82)
(83)
(119)
(120)
(115)
(117)
(118)
(112)
(80)
(84)
(121)
(123)
(122)
(96)

Symbol

b3

DNL

€

PFL

€

PNL

g

TFL

3

TNL

M W <
o L
Qu

4
o
RSy

>
a

554 MK

gl
w)
8

QN
e

g

I I T
M O 2 332 o

o
(w)
Q

Explanation

Damper loss at no load

Pole face losses at full load

Pole face loss at no load

Stator tooth loss at full load

Stator tooth loss at no load
Peripheral speed of rotor
Reactance factor

Reactance direct axis

Reactance quadrature axis
Synchronous reactance direct axis
Stator transient reactance
Subtransient reactance direct axis
Leakage reactance direct axis
Leakage reactance quadrature axis
Unsaturated transient reactance
Field leakage reactance

Leakage

Synchronous reactance quadrature axis
Subtransient reactance quadrature axis
Zero sequence reactance

Negative sequence reactance

Expected damper bar °c

27



Calculation

Location Symbol Explanation

(103) Xp C Expected field temp. in °C

(50) X4 °C Expected temp. stator in °C

(95) Pp Resistivity of damper bar at 20°C

(51) Pg Resistivity of stator cond at 20°C

(104) Pp Resistivity of field conductor

(138) )} Leakage flux at no load

(160) 'Y Leakage flux at full load

(126) ¢P Flux per pole

(139) ¢PT Total flux per pole at no load

(162) ¢PTL Total flux per pole at full load

(124) ¢T Total flux

(94) Th Damper bar pitch

(41) To Pole pitch

(26) Ts Slot pitch

27 Ts 1/3 Slot pitch 1/3. distance from
narrowest point

(40) T sk Stator slot skew

(70) Aa Air gap permeance

(63) Mg End permeance

(86) el Pole end leakage permeance

(62) i Stator conductor permeance

(88) ) Pole side leakage permeance

(87) Y Pole tip leakage permeance




HOMOPOLAR INDUCTOR, A. C. GENERATOR 29

(1)
(2)
@)
(4)

(5)
(5a)
(6)
(7)

(8)

(9)

(9a)

(10)

DESIGN NUMBER - To be used for filing purposes

GENERATOR KVA

LINE VOLTS

Y

PHASE VOLTS - For 3 phase, —connected generator

= _ (Line Volts) _ (3)
“pH ~ T "3
a
For 3 phase,.connected generator

EPH = (Line Volts) = (3)
PHASES - Number of

FREQUENCY - In cycles per second

POLES - Number of

RPM| SPEED - In revolutions per minute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR - When P.F. = 0. to .95 set K, =1.;
when P.F. = .95 to 1. set K, = 1.05

LOAD POINTS - The computer program is set up to have the
0.%, 100%, 150%, 200% load points as standard out-
puts. There is an additional space available on the

~tput sheet for one optional load point. This optional
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(11)

(11a)

(12)

(13)
(14)
(15)

(16)

load point will be the designer's choice and can
be selected anywhere in the range of 0 to 200%
load. When an optional load calculation is re-
quired, insert the per unit load value on the in-
put sheet. The optional load point will be cal-
culated in addition to the standard points listed
above. For example, insert .33 on the input
sheet when the optional load calculation for 33%
load is required in addition to the standard

points.

If only the standard points are required, insert
0.0 on the input sheet and the optional load column

will be blank.

_S_'_I‘ATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches.

ROTOR O.D. - The outside diameter of the rotor in inches.

PUNCHING O.D. - The outside diameter of the stator punch-

ing in inches.

GROSS STATOR CORE LENGTH - In inches.

RADIAL DUCTS - Number of.

RADIAL DUCT WIDTH - In inches.

STACKING FACTOR - This factor allows for the coating

(core plating) on the punchings, the burrs due to
slotting, and the deviations in flatness. Approxi:

mate values of Kj are given in Table IV.
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THICKNESS OF
LAMINATIONS
(INCHES) GAGE K;
. 014 29 0.92
. 018 26 0.93
. 025 24 0.95
.028 23 0.97
. 063 -- 0.98
. 125 -- 0.99
TABLE IV
(17) /é SOLID CORE LENGTH - The solid length is the gross length
times the stacking factor. If ventilating ducts are
used, their length must be subtracted from the
gross length also.
b= ®)xf - () (o) = (16) (13) - (19) (15)
(18) MATERIAL - This input is used in selecting the proper mag-

netization curves for stator, yoke, pole, and shaft;
when different materials are used. Separate spaces
are provided on the input sheet for each section men-
tioned above. Where curves are available on card
decks, use the proper identifying code. Where card
decks are not available submit data in the following

manner:

The magnetization curve must be available on semi-
log paper. Typical curves are shown in this manual
on Curves 15 and 16. Draw straight line segments
through the curve starting with zero density. Re-

cord the coordinates of the points where the
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(19)

(20)

60

40

30

20

Density of Kilolines

10

straight line segments intersect. Submit these
coordinates as input data for the magnetization
curve. The maximum density point must be sub-

mitted first.

Refer to Figure below for complete sample
% M?.x.
Point Sample
Input Data
i Density NI

Straight Line

(Straight Line
Segment

1 Y 4 5% 8 16 20
Ampere Turns Per Inch

WATTS/LB - Core loss per 1b of stator lamination material.

Must be given at the density specified in (20).

DENSITY - This value must correspond to tht density used

in Item (19) to pick the watts/l1b. The density that

is usually used is 77.4 kilolines/in2.

Segment 1) 55 Max.
8 2 0 0
3) 10 1.5
4) 27 1.9
- Intarsection of g 23 4213
V-Straight Line 7 48 9. 0
Segments 8) 55 i 2' 0




(21)

(22)

(23)

(24)

he
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TYPE OF STATOR SLOT - Refer to Figure 1, Page

for type of slot.

For (a) slot use 1.
For (b) slot use 2.
For (c) slot use 3.

For (d) slot use 4.

as an input
as an input
as an input

as an input

Type 5. is not a slot but instead a particular situ-

ation for an open slot where the winding has only

one conductor per slot.

ALL SLOT DIMENSIONS - Given in inches per Figure 1,

Page . Where the dimension does not apply

to the slot being used, insert 0. on input sheet.

+ (22)

by 403 (22
S: 2 =

STATOR SLOTS - Number of

2

DEPTH BELOW SLOTS - The depth of the stator core below

the slots.
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(25)

(26)

(27)

(28)

(29)

Ts

r i
tsl/ 3

Due to mechanical strength reasons, hc should

never be less than 70% of hs.

he = (D) - Ed) + 2(hsg = (12) - [(11) + 2(22)]
2 2

SLOTS PER POLE PER PHASE

. @ = (23
4 (Prrrx)xr (6 (6

STATOR SLOT PITCH

- () =)
7; Q (23)

STATOR SLOT PITCH - 1/3 distance up {rom narrowesi =zC-

tion. For slot (a), (b) (c), and (e}

/-{;1/‘3 ) n—{_(d) + .66(hs)] - 77"{.(11) + .66 (22)}
(@) (23)

For slot (d)

w[(d) + 2(hg) + 1.32(bs)]:
Q

) + 2(22) + 1.32(22)]
(23)

TYPE OF WINDING - Record whether the connection is "wye"

of "delta". For "wye'" conn use 1. for input. For

""delta'" use 0. for input.

TYPE OF COIL - Record whether random wound or formed

coils are used. For random wound coils use 0.

for input. For formed coils use 1. for input.




(30)

(31)

{3la)

(34)

Iig

NsT
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CONDUCTORS PER SLOT - The actual number of conductors

per slot. For random wound coils use a space .
factor of 75% to 80%. Where space factor is the
percent of the total slot area that is available for
insulated conductors after all other insulation areas

have been subtracted out.

THROW - Number of slots spanned. For example, with a

coil side in slot 1 and the other coil side in slot

10, the throw is 9.

PER UNIT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a pole
pitch. This value must be between 1.0 and 0.5 to

satisfy the limiis of this program.

-y 3y
{m) (q) ~ (5) {(25)

PARALLEL PATHS, No. of - Number of parallel circuits

per phase.

STRAND DIA. OR WIDTH - In inches. For round wire, use

strand diameter. For rectangular wire, use strand
width. This must be the largest of the two dimen-

sions given for a ractangular wire.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a
more flexible conductor and reduce eddy current

loss, a stranded conductor is often used. For
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(34a)

(35)

(36)

(37)

(38)

dp

n

Ae2

hsT

hsT

example, when the space available for one conductor
is .250 width x .250 depth, the actual conductor can

be made up of 2 or 3 strands in depth as shown

Lone conductor
one strand{ j

For a more detailed explanation refer to section
titled "Effective Resistance and Eddy Factor™ in

the Derivations in Appendix.

NUMBER OF STRANDS PER CONDUCTGR - This nuwmber

applies to the strands in depth and/or width =n.
is used in calculating the conductor area. Item
{34) is different in that it deals with strands in

depth only and is used in calculating eddy factors.

DIAMETER OF BENDER PIN - in inches - This pin is used

in forming coils. Use .25 inch for stator O.D.< 38
inches use .50 inches for stator O.D.> 8 inches.

COIL EXTENSION BEYOND CORE in Inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in Inches - This

value is the vertical height of the strand and is
used in eddy factor calculations. Set this value =

0 for round wire.

DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH

in inches.




(39)

(42a)

(43)

Ksk

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire insert

0. on input sheet. This must be the narrowest
dimension of the two dimensions given for a

rectangular wire.

SKEW - Stator slot skew in inches at stator I.D.

POLE PITCH in inches.

T(@) = ()
Tp= P) (6)

SKEW FACTOR - The skew factor is the ratio of the voli-

age induced in the coils to the voitage that would
be induced if there were no skew.
When Tgg = 0, Kgg =1
_ r1_r(’TS'K)' B (40;]
sin| - . T
KS - LZKTPS _L sm!—@-ﬁz
K™ 71 ZTSK; 77(40
A7) 3)
PHASE BELT ANGLE - Input

For phase belt angle = 60° insert 60 on input

sheet.

1}

For phase belt angle = 1200 insert 120 on input

sheet.

DISTRIBUTION FACTOR - The distribution factor is the

ratio of the voitage induced in the coils to the

voltage that would be induced if the windings
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were concentrated in a single slot. See Table 2
for compilation of distribution factors for the

various harmonics.

For 60° phase belt angle and q = integer when

(42a) = 60 and (25) = integer.

_ sin30° __  Sin 30°
(@) Sin{30/(a)] (25)Sin{30/(25)]

Kd

For 60° phase belt angle and (q) f?integer = N/B

reduced to lowest terms.

When (43a) = 1 and (25)7éinteger::N/B recducad

to lowest terms

Ky = Sin 300 Sin 30°
(N) Sin[30/(N)]  (43) Sin {30/(43)]

For 1200 phase belt angle and (q) = integer

When (43a2) = 120 and (25) = integer

Kq = _Sin 60° - Sin 60°
o) Sin30/(q)]  2(25) Sin|30/(25)]

For 120° phase belt angle and q # integer
When'(43a) = 120 and (25) 7 integer = N/B re-
duced to lowest terms

Kq = Sin 60° = Sin 60°
2(N) Sin [30/(N)]  2(43) Sin [30/(43)]




(44)

(46)

o]
(¢

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched
coil. See Table 1 for compilation of the pitch factors

for the various harmonics.

K_ = sin[‘(Y) X 90"‘] - sin[' @1 90‘3
P | ()@@ ™ L5

TOTAL EFFECTIVE CONDUCTCRS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-

ing for the distribution factor.

Q0K e) | (23)30) 491 42)
e {C) - (32)

CONDUCTOR AREA OF STATOR WINDING in (inches)2 -
The actual area of the conductor taking into account

the corner radius on square and rectangular wire.
See the following table for typical values of corner
radii

It (39) = Othen a_ = 257 (Dia)? = . 257(33)°

If (39) # 0 then a; = (N'sT) [(strand width) (strand
depth) - (.858 1c2)| = (342) [(33) (39) - (.858 rczﬂ

where .858 ro2 is obtained from Table V below.

39) | (33) .188 | .189 (33) .75 | (33) .751
.050 | .000124 . 000124 . 000124
.072 | _.000210 . 000124 . 000124
125 | .000210 _00084 - 000124
165 | . 000840 . 00084 . 003350
225 | 001890 -00189 - 003350
_438 —- . 00335 . 007540
688 _- . 00754 . 01340
- . -03020 - 03020
TABLE V



(47)

(48)

(49)

(50)

A

X2

CURRENT DENSITY - Amperes per square inch of stator

conductor

ss = "PH) - (g)
(C)ac)  (32)(46)

END EXTENSION LENGTH in inches - Can be an input or

output.
For Lg to be output, insert 0. on input sheet.
For LE to be input, calculate per following:

When (29) = 0. then:

PN 1.3 If (6) = 2
Lg = .5 + Koo {@ring)] .5j 3EW %msl)ﬁumzzﬂ
T If 4

i
Q 1.

(23)
When (29) = 1. then:

—
¥

2
=2 (36)+ Wﬁ?‘Tz) + (35)_}’ + (31) (26)
L Vi26)? - (22)2

1/2 MEAN TURN - The average length of one conductor in

inches.

0t = (D + (L) = (3) + (44)

STATOR TEMP ©C - Input temp at which F.L. losses will

be calculated. No load losses and cold resistance

will be calculated at 20°C.




.
St
)

—

- {54)

(55)

/s

(cold)

RspH]
(hot)

EF
(top)
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RESISTIVITY OF STATOR WINDING - In micro ohm-inches @
20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm-inches.
/0 . ohn.1-cir
ohm-cm ohm-in mil/ft
1ohm-cm = | 1.000 0.3937 6.015 x 10°
lohm-in = | 2.540 1. 000 1.528 x 10°
1 ohm-cir mil/ft = |1.662 x 10°¢ | 6.545 x 10™° 1.000
TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at X SOC in micro ohm-~
inches

(X °C) + 234.5 50) + 234.5
(hot)‘(/ﬂ )[ ‘] “’”E by

STATOR RESISTANCE/PHASE - Cold @ 209C in ohms

. (R)og)QUY)  x 10-6 = (51)(30)(23)(49) . ¢
FEPR(cold) = e GYaeE2R

STATOR RESISTANCE/PHASE - Calculated @ X°C in ohms

_ 08 not)ms)QUW) 4 1076 (52)(30)(23)(49)

RspH(hot)

(m)(ag)(C)2 (5)(46)(32)2

EDDY FACTOR TOP - The eddy factor of the top coil. Cal-
culate this value at the expected operating tem-
perature of the machine. For round wire

EFyop = |




(56)

(57)

EF
(bot)

btm

stf

top ’ st [

3.35x 1073

(b )0 )E@,) |
(bs)( A S%ot

'[ E34) - ﬂ!{:g)(g)}!} 35 x 107

§ f37)(30)(5a)(46\
§

_ (@2)62)

Jio—

EDDY FACTOR BOTTCOM - The =day iactor of the boiom

coil at the expected opersiing temperature of the

machine. For round wire Sy 70
- e}
i 2
(n J¥a ) | -
EE. = {EF. - 1897 €1 xi1e
{bot) ~ = {topy a (b Y p |
’ hot’ |

7)!30)(5&)(46)!
(22)(52) _

= (55) - 1.677

STATOR TOOTH WIDTH 1/2 way down tooth in inches -

-For slots type (a), (b), (d) and (e), Figure I

7Ti(a)+(h—] —~
,.._“TT.__ b,) = @2%@21-(22)




(57a)

(58)

0 1/3

43

STATOR TOOTH WIDTH 1/3 distance up from narrowest section
For slots type (a), (b) and (e)

bt 1/3 = (78/ 1/3) - (bs) = (27) - (22)

For slot type (c)

by 1/3= by = G0

For slot type (d)

by 1/3=(T1/3) - ¥ (bg) = (27) - .94(22)

TOOTH WIDTH AT STATOR I1.D. in inches -
For partially closed slot

_7r(d) Tl’(ll)
=@ P Ty - @2

For open slot

T(d) _T(11)
b =@ s ™ e - @)
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(59)

(59a)

(60)

(61)

(62)

min

max

MINIMUM AIR GAP in inches - For concentric pole face

g
g

.= . For non concentric pole face
min gmax po

min = gap at the center of the pole.

MAXIMUM AIR GAP in inches

REDUCTION FACTOR - Used in calculating conductor permeance

and is dependent on the pitch and distribution factor.
This factor can be obtained from Graph 1 with an as-

suined K d of . 955 or calculated as shown

Kg) (61

C. = =
Kp)* (Kp® (@97 @)

X

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current in
coil sides in same slot

KX -(%% + 1—] For 3 phase

[(3(31) .
BYE5)

Ky = z—ﬁg%y For 2 phase

W] =

1

] -

- __B1)
- BY@5)

NOTE: See special case for (e) slot. Refer to calcu-
lation (62)

l |
!

CONDUCTOR PERMEANCE - The specific permeance for the .
portion of the stator current that is embedded in the

iron. This permeance depends upon the configuration l

of the slot.
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(a) For open slots

T 2
b) () )7 .35(bti]
g 3b) T 16(7 e - (7))

20
M (CX) (m)(q)

—

[ 9 2
- 20 1(22) = (22) (58) .35(5
2= 60 sy | 22) * 3022) * TE126)(59 +——(26,—’]

L

(b) For partially closed slots with constant slot width

2
= (C) 20 (h0)+ 2(h,) +(hW)+ (hl)+ ®,) +.35(bt)
7= O @@ B B B F B I T W@ T ()

6020 |e)), 202 @2 @) (58)° +.35(58)—
M BYES) | @) T B+ @2) T @2) T 3(22) T 16(26)(59) T (26)

(d) For round slots

—

20 | g, 0
A7 Cd mm| %))
B )
20 (22)
. = (60) .62 +
i @5 |7 @2 |
(e) For open slots with a winding of one conductor per slot
90 |y () @ (7

7\i=(cx)z—)-(a)-m -a-);y*l—-zm S +.6+7—” 7_; +Z—(§5_—J

—
20 |@2) (2 (59)  (26)
*i = 60) mymmy| 22y * 3@ * 8+ 2026) " 3(59) |

(- &)

) = 1
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(63)

(64)

(65)

(66)

(67)

LEAKAGE REACTIVE FACTOR for end turn '

Calculated value (L )
KE Value (LE) from Graph

T (For machines where (11)>8'") l

where Ly, = (48) and abscisa of Graph 1 = (Y)(T,) = (31)(26) l

alculated value of (L) (For machines where (11)<8") l
KE Value (LE) from Graph 1

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

. 628(«;)E’ E]= 628(63) E
o alte (13)(43)°

E-] is obtained from Graph 1.

The term

E
2n B
The symbols used in this (term) do not apply to those '
of this design manual. Reference information for the

symbol origin is included on Graph 1.

WEIGHT OF COPPER - The weight of stator copper in lbs.

#'s copper = .321(ns)(Q)(ac)(/t) = .321(30)(23)(46)(49)

WEIGHT OF STATOR IRON - in lbs.

#'s iron =, 5éc{(btm)(Q)(fs)(h e W@) - (h(Z] (hc)(lsﬁ

5 06{157)(23)(17)(22) +m12) - 24)] (24)(17%

CARTER COEFFICIENT

N JECEE M

(@ + 0)] - 6y

(For open slots)




(68)

(69)

(70)

(71)
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k - (26)[5(59) + (22) ]
S (26)[559) + (22)] - (22)°

. 75 [44400) + 750,) |
s E. 44(g) + .75(‘boﬂ- (o,

5 (For partially closed slots)
)

c o (6){4.44(59) + .75(22) |
S (26)[4.44(59) + .75(29)] - (22)*

AIR GAP AREA - The area of the gap surface at the stator bore

Gap Area = TT(d)(£) = m(11)(13)

EFFECTIVE AIR GAP

g, = (K )(&) = (67)(59)

AIR GAP PERMEANCE - The specific permeance of the air gap

_6.38(d) _ 6.38(11)

M2~ iPngi (6)(69)

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form
to the actual maximum of the field form - This term

can be an input or output. For C1 to be output insert
0. on input sheet. For C1 to be input, determine C1
as follows:

For pole heads with only one radius, - C1 is obtained
from curve #4. The abscisa is '"pole embrace" (ac)

= (77). The graphical flux plotting method of deter-
mining C1 is explained in the section titled ""Deriva-

tions" in the Appendix.




72) | C WINDING CONSTANT - The ratio of the RMS line voltage for a
full pitched winding to that which would be introduced

in all the conductors in series if the density were

uniform and equal to the maximum value. This value
can be an input or output. For CW to be an output,
insert 0. on input sheet. For CW to be an input, cal-

culate as follows:

(E)C DKy _ (3)(11)(43)

Cyy =
Y Epym) V2 A6)

Assuming Kd = ., 955, then CW = .225 C1 for three

phase delta machines and CW = .390 01 for three

phase star machines.

(73) | C POLE CONSTANT - The ratio of the average to the maximum
value of the field form. This ratio can be an input or

output. For CP to be an output, insert 0. on input

sheet. For CP to be an input, determine as follows:

For pole heads with more than one radius CP is cal-
culated from the same field form that was used to '
determine Cl’ and this method is described in the
section titled '"Derivations' in the Appendix. For '
pole heads with only one radius CP is obtained from
curve #4. Note the correction factor at the top of the .

curve.

(74) | C DEMAGNETIZING FACTOR - direct axis - This factor can be

an input or output. For C

M to be an output, insert
0. on input sheet. For CM to be an input, determine

as follows: l




(75)

(76)

(77)
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(cc) T+ sin[(ac)777] (TT) 7T+ sin [(77)77]
C = =
4 sin[ () 2] 4 sin [(77) 2]

M
CM can also be obtained from curve 9.

CROSS MAGNETIZING FACTOR - quadrature axis - This factor

can be an input or output. For Cq to be an output, in-

sert 0. on input sheet. For Cq to be an input, deter-
mine as follows:

1/2 cos[(e) T/2]+ ()T - sin[ (cc)TT]
q- 4sin|:(oc) 7772] VALID FOR

CONCEN TRIC
POLES «

1/2 cos[ (17) T/2)+ (17)7T - sin[ (17)77 ]
4 sin[ (17) /2]

Cq can also be obtained from curve 9.

POLE DIMENSIONS LOCATIONS per Figure 2

Where:

A
o
i

)

% length of pole (one end only)

bp width of pole

hp height of pole at center

s
<

all dimensions in inches

POLE EMBRACE
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(78)

(79)

(80)

AMPERE CONDUCTORS per inch - The effective ampere con-

ductors per inch of stator periphery. This factor
indicates the ''specific loading'' of the machine. Its
value will increase with the rating and size of the

machine and also will increase with the number of
poles. It will decrease with increases in voltage or
frequency. A is generally higher in single phase
machines than in polyphase ones.

_ Tp)®IEKD) 5y (30) (a4
T Oty T eDes

REACTANCE FACTOR - The reactance factor is the quantity by
which the specific permeance must be multiplied to
give percent reactance. It is the percent reactance
for unit specific permeance, or the percent of normal
voltage induced by a fundamental flux per pole per
itich numerically equal to the fundamental armature
ampere turns at rated current. Specific permeance
is defined as the average flux per pole per inch of

core length produced by unit ampere turns per pole.

100(A)(K ) 100 (78)(43)

X = =
72 (C@,) x 10°  vZ (11)(125) x 10°

EFAKAGE REACTANCE - The leakage reactance of the statorg

for steady state conditions. When (5) = 3, calculate
as follows:

Xe=2xX[(0) + (rg)] =219 [(62) + (69) ]

In the case of two phase machines a component due
to belt leakage must be included in the stator leakage.
reactance. This component is due to the harmonics




(81)

(82)

(83)

(84)

(85)

ad
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caused by the concentration of the MMF into a small
number of phase belts per pole and is negligible for
three phase machines. When (5) = 2, calculate as

follows: '
_:m[zi?()-,:' 90° Ein &gﬁ%] 90°
2N ?F)E% B ;,,;l ]’ O] )

X¢ <X[(A) + (\g) + (\g)] where A, = 0 for 3 phase machines.

Xy =(19)[_(62) + )64) + (80) ]

REACTANCE - direct axis - This is the fictitious reactance due
to armature reaction in the direct axis.

Xaq = BA)CC,p) = O)T0)T(74)

REACTANCE - quadrature axis - This is the fictitious reactance
due to armature reaction in the direct axis.

Xoq = BCH(A) = (19)5)(T0)

SYNCHRONOUS REACTANCE - direct axis - The steady state
short circuit reactance in the direct axis.

Xq = ®g)+ (X, ) = (80) + (81)

SYNCHRONOUS REACTANCE - quadrature axis - The steady

state short circuit reactance in the quadrature axis.
Xy = ®g)+ (X, 0) = (80) + (82)

POLE AREA - The effective cross sectional area of the pole.

a, = (bp)(»‘p)(Ki) = (76)(76)(16)
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(98a)

(99)

(100)

(101)

(103)

(104)

(105)

(106)

Np

tr

(hot)

2cf

PERIPHERAL SPEED - The velocity of the rotor surface I

in fee t per minute l

(dr)(RPM) ___(11a)(7)
12 - 12

NUMBER OF FIELD TURNS

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIMENSIONS

FIELD TEMP IN °C - Input temp at which full load field

loss is to be calculated.

RESISTIVITY of field conductor at 20°C in micro ohm-

inches. Refer to table given in Item (51) for

conversion factors.

RESISTIVITY of field conductor at X{°C

Ve, (hot) - fi FXfOD) 234. *’] (104) Elos) 234 5 l

254.5

CONDUCTOR AREA OF FIELD WDG - Calculate same as l

stator conductor area (46) except substitute l
(102) for (39)
(101) for (33) l




- (107)

(108)

(108a)

(108b) .

(113) ;

(118)

Rf

(cold)

Ry¢

(hot)
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COLD FIELD RESISTANCE @ 20°C

Rf (cold) = ﬁ) 9‘%&({&2 = (104) (ﬁ?_)( (100)

HOT FIELD RESISTANCE - Calculated at X;°C (103)

R (hot) = 3 hot) ‘f,(_)__()‘_zi)_ . (105) (99)(100)

acf \1'61

WEIGHT OF FIELD COPPER in lbs

#'s of copper - .321 (Ny) ,(/tf)(acf)

. 321(99) (100)(106)

WEIGHT OF ROTOR IRON - Because of the large number

of different pole shapes, one standard formula
cannot be used for calculating rotor iron
weight. Therefore, the computer will not

calculate rotor iron weight.

FIELD SELF INDUCTANCE

L = (Nf)2 [ A 7’ +Pp; |x 1078

UNSATURATED TRANSIENT REACTANCE

= (XI )""’ (Xf) = (80) + (112)
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1"

SATURATED TRANSIENT REACTANCE

X4 = -88(X, ) = .88(118)

SUBTRANSIENT REACTANCE in direct axis

When no damper bars exist, i.e. when (92) = 0
1" ]
X, =X, =(119)

SUBTRANSIENT REACTANCE in quadrature axis

When no damper bars exist, i.e. when (82) = 0

¢

X =X =(84
q q()

NEGATIVE SEQUENCE REACTANCE - The reactance due to the

field which rotates at synchronous speed in a direction

opposite to that of the rotor.

X, =5 [xg+x_ J= .5 [(120) + (121)]

ZERO SEQUENCE REACTANCE - The reactance drop across

any one phase (star connected) for unit current in each

of the phases. The machine must be star connected

for otherwise no zero sequence current can flow and

the term then has no significance.




]
(132)
i
i
|
i
(133)
|
|
|
B
-
| (134)
|
|
|
(135)
|
|
|
|
II (136)
i

do

1"

SC
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OPEN CIRCUIT TIME CONSTANT - The time constant of the

field winding with the stator open circuited and with
negligible external resistance and inductance in the

field circuit. Field resistance at room temperature
(2OOC) is used in this calculation.
I ¢ VL)

do RF

T

ARMATURE TIME CONSTANT - Time constant of the D.C.
component. In this calculation stator resistance at

room temperature (ZOOC) is used.

T e 2 (122)

2
o (Opy)"Rgphcod  (5)(8)%(53)
THEEY fa T Rated KVA - (2)

TRANSIENT TIME CONSTANT - The time constant of the
transient reactance component of the alternating

wave.

LX)
T, =—()—(c—;-)(Tdo) - %%l (132)

SUBTRANSIENT TIME CONSTANT - The time constant of the

subtransient component of the alternating wave.

This value has been determined empirically from

tests on large machines. Use following values.

-
i

.035 second at 60 cycle

=
]

.005 second at 400 cycle

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when the

stator is short circuited.
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TOTAL FLUX IN KILO LINES

g - 6E1° _ 6@3)108
T (Cy)m )RPM) ~ (72)(45)(17)

GAP DENSITY in Kilo Lines/in? - The maximum flux density

in the air gap

B - @r) (124
g T@)Z) - TUINI3)

FLUX PER POLE in Kilo Lines

s - 20CP _agas)
p - ® " ®

TOOTH DENSITY in Kilo Lines/in2 - The flux density in the

stator tooth at 1/3 of the distance from the minimum

section.

@

. T . (129
ST R,y T

CORE DENSITY in Kilo Lines/ in2 - The flux density in the
stator core

@)
C Ac

EFFECTIVE AREA OF THE CORE

o = O-2ag)hu Ly
p

AIR GAP AMPERE TURNS - The field ampere turns per pole
required to force flux across the air gap when

operating at no load with rated voltage.

i (Bg)(ge)

125)(69
—Ep? - (125)69)

g
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P,, = Leakage permeance path from rotor to stator between pole

lobes, or rotor teeth.

Fomomd

I 2';’;"

WV RLE ré' Fore P’m g8 W RBLE

i P (bp 3 |
ho = EFFECTIVE FOLE HEIGHT WHEN THE FOTOR

16 TAPERED AND ACTUAL HEIGHT WHEN THE
RPOTOR /'S STRAIGHT

STA®RR

—

4+hp ] 1 &
¥ l 1{"’

L

FLUx LEVEL BETWEEN LOBES

AT HN. L,

e ()
G +he




|

Py

G
£
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The permeance of the leakage path from the inner (or inboard)
edge of the stator stack, to the center shaft portion of the rotor.

DSTATOR,

- T (dths) b%"" (3‘ 19 ',19"

=z hp+ hs

— 10 (d* 176) bco:L
he +hs
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Pg - Leakage permeance across the field coil.

// YoKE
e <
yd 1‘ ~ _  CorL, A
// <
© STATR ~>-Q;; P STATR
?‘ - = _..__,_,1 e T —
L | 1 Deon ODcor

oL

oP — /Dceore A or + /Dcos T .
G, = 319 | ][%A-———-—-Z El (%)

Do

Pg - Leakage permeance from stator to stator.

R = 37 ZZ&%glzféﬁgé%Lﬁy 7
o
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P7 - Leakage permeance from stators to shaft and rotor.

p . o [frdemer] [29] 20

7

é [.D—— dSHAFz]
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Py -
By -
Py, =
s =
g -
P81, =
¢6 =
g *
Per. *
@y =

A-8

Flux leaking across the rotor area where there is no
pole, no load

Approximation of ,dm
ﬂm leaking under load conditions

Flux leaking from the inboard side of a stator stack
to the rotor (shaft center section) at no load

Approximation of P4

@4 leaking under load conditions

Flux leaking across the field coil itself, no load
Approximation of ¢5

¢5 leaking under load conditions

Flux leaking between stators, below the field coil and
at no load

Approximation of ¢6

¢6 leaking under load conditions

Flux leaking from stator into rotor end shaft extension.

Approximation of By

¢7 leaking under load conditions

Flux in shaft at no load

Approximation of ¢SH

jbsn under load

Flux in the yoke outside the stator stack

Flux in the yoke around the field coil when the housing
is jogged out to accommodate the field coil.

¢yc in a straight housing.
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CALCULATING THE PERFORMANCE
OF THE HOMOPOLAR INDUCTOR .

The procedure recommended for hand calculations is as follows:

1.0 Calculate @y, B, @p and make all of the stator
calculations listed on the left hand side of the

stator design sheet, page 2.
Use Cq and Cp values obtained from curve 4, page 11.
1.1 Calculate P,,, P4, Py, Pg, Pr.

2.0 Ng-load Calculations

Bg ge
2.1 Calculate ATg = T‘I%_
2.2 Calculate @, = P, AT,
2.3 Calculate ATy + ATy = ATy + P%Pm ge
3.10 Ag

2.4 Calculate @y = Py [ ATg - ATm]

05 = Py [iATy - 2AT,, /

Jg = Pg [2;\:1'g - 2ATm]
@y = Pq ZATg - ATm]
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.10

.11

.12

BTNL = ¢T + ¢mp

T

B, = %P * %m

ACOI‘e

Q’shaftxlzi Gp + POy, + @y + Oy

BsH

B
gshaft = ———
AgH

¢y=¢sﬂ+ B¢ + 35

s
NI
Fy = 4 [Tn’ at By]

The total ampere turns drop in the flux circuit is =

FTNL=2[Fg+F¢m +FT+FC+FI:7+FSH+Fy

Full-load Calculations

Calculate eq = Cos -+ X4 sin Y
Calculate F"I‘L = Fp (1 + Cos Q)

45 N, Toh Crn K

PmL = Pp [de + Fge(i]

Fq
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¢II>L = @p [ed - .03 X ad sinﬂ

OpL + %m
Apole

Fpy = %[Mu B'PL]

B~ P4[F.';L + Fpp, + FbLJ

' tP r ' ' ]
On 5L3FgL+’FTL+3FPL7
1

' 4
g = p(,[a Fgr,+ 2 Fpp, + 3 F'pIJ

7/ ' '
G = Py [Fgr, + Frp + Fl'n,_]

Banr, = dpL ]’? + POy + Byt Gy

Bypy, = T—-—-a :: L

Fane = Ao [_NI at Bbm.]
O L™ Pm[de+ F&L]

@pL= %pr+ Fm,
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3.26

3.26

3.27

3.28

3.29

FTL.-hT NI“BTI] Q+COB°)

@yy, = Py | Fpp + Fpp + FPIJ

—

@4 = Py | FrL + FgL + FPL]

e

¢shutL'-?£§—(g)—-wl} L - 1L - 4L

gH1,

B -
SHL = K~
Fgup, = /én[m at BBHJ

Ps1, = PSEFTL + 3Fgy, + 2Fp FBHJ

Ber = PB[;FTL"' 3Fgy, + 2Fpp, + ang




3.30

3.31

3.32

3.33

3.34

3.35

3. 36

P51, + 6L
¢core L= ¢PL + ;

@4 and @y are leakage fluxes between pole
positions and do not add to the flux density

in the core.

¢cL

core L =
KZL

F.1, = dbs fNI/in at BCJ

[ SS9

B

ByL = Pgur,+ Fot P50

L
_—

FyL =,fy [Nl/in at ByI]

67

Fiotal = 3Fgp, + 2FrL, + 2Fcy, + 2Fpy, 4+ Fgy + Fy
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YOKE FLUX AND LENGTH

There are three common types of housing or yoke construction and each
must be calculated differently.

1. The first type of housing is straight and of uniform thickness

"-Z——»P—bcou.'—"‘_’l—"‘

(& YOKE ' —})
Lo

STMToR | | sSTATOR

The coil is located between the stator stacks and is between the output
winding and the housing or yoke.

Ly = b v /3L

assuming that the effective length
of the yoke, for the flux density
calculated is 1/3 of the stack length.

2. In the second type of housing design, the excitation coil is so located
that the housing or yoke must be jogged out to accomodate it.
[ y<

.‘('—-"'—" rc

7 Aty
o e | _

4»-/,,0- +tyc + (dy.- D)

The flux in ¢/yc is )Oy1L,

The fl\jx/tn the housing or yoke, that is directly outside the stator stack is:

=2/3¢
i If since we have calculated a flux value for case 1,
the stl’;. éﬁt uniform thickness housing.

}
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3. In the third configuration, the housing is tapered over the stator
and the yoke density is approximately uniform over most of the stator
stack length. The yoke length in this case can be taken as 3/4 ¢

over each stack or
/y=3/2/ fi‘ ,/’,Cr-" /Kyc“‘ 2@0@@ :“’3]

A IN CHSE I,

o /} - 3

I R o
/
Q\L STHIoR S7He7o/ j
The flux in the yoke directly outside the stack is
OysL= %L - P51,
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(143)

(144)

(146)

(146)

IFNL

IR

FIELD CURRENT - at no load

IrNL = (FNL)/(Np) = (142)/(99)

CURRENT DENSITY - at no load. Amperes per

square inch of field conductor.

8F = (IFNL)/(acf) = (143)/(108)

FIELD VOLTS - at no load. This calculation is made

with cold field resistance at 30°C for no

load condition.

Ep - (IFNL)(Rf cold) = (143)(107)

ROTOR I%R - at no load. The copper loss in the field

winding is calculated with cold field resistance

at 20°C for no load condition.

IR = (Ipnp)? By 10 = (1432 (107)




(147)

(148)

F&W

WTNL

()|

FRICTION & WINDAGE LOSS - The best values are

obtained by using existing data. For ratio-
ing purposes, the loss can be assumed to
vary approximately as the 5/2 power of the
rotor diameter and as the 3/8 power of the
RPM. When no existing data is available,
the following calculation can be used for an
approximate answer. Insert 0. when com-
puter is to calculate F&W. Insert actual
F&W when available. Use same value for

all load conditions.
Few - 2.52 x 1078 (q)3-5 2En(RpM)1°5
- 2.52 x 1078 (11a)2- 8 3(78) (7)1

STATOR TEETH LOBS - at no load. The no load loss

(WrNL) consists of eddy current and hysteresis
losses in the iron. For a given frequency

the no load tooth loss will vary as the square
of the flux density. The losses in the two
stators are approximately the same as if

all the voltage were generated in a single

stator.
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(149)

(180)

NPL

= . 453(57a)(23)(17)(22)(148)

®,) 4
Where K. = (k) IﬁtT_] - (19) %]

STATOR CORE LOSS - The stator core losses are due to eddy

currents and hysteresis and do not change under load
conditions. For a given frequency the core loss will
vary as the square of the flux density (Bc).

W = 1.43[ () - (0 ) ] (b )UK

-1.42 [:(m - @4 | 3O (17)(149)

®,) ] 2
Where KQ = (k) [ﬁ—_ = (19) ‘%,’-g)l]

POLE FACE LOSS - at no load. The pole surface losses are

due to slot ripple caused by the stator slots. They
depend upon the width of the stator slot opening, the
air gap, and the stator slot ripple frequency. The no
load pole face loss (WPNL) can be obtained from
Graph 2. Graph 2 is plotted on the bases of open
slots. In order to apply this curve to partially open
slots, substitute bo for b " For a better understand-
ing of Graph 2, use the following sample.

Kl as given on Graph 2 i8 derived empirically and
depends on lamination material and thickness. Those
values given on Graph 2 have been used with success.

K, is an input and must be specified. See item (151)

for values of Kl‘




(150)

(Cont.)

73

K2 is shown as being plotted as a function of (BG)z' 5
Also note that upper scale is to be used. Another
note in the lower right hand corner of graph indi-
cates that for a solid line ( ), the factor is read
from the left scale, and for a broken or dashed line
(— « — ), the right scale should be read. For
example, find K2 when BG = 30 kilo lines. First lo-
cate 30 on upper scale. Read down to the intersection
of solid line plot of K2 - f(BG)z' 5. At this intersec-
tion read the left scale for l(2 K2 = ,28. Also refer
to item (162) for ](a calculations.

Ka is shown as a solid line plot as a function of

(FBLT)I' 63 The note on this plot indicates that the

upper scale X 10 should be used. Note FBLT
frequency. For an example, find l(8 when FBLT =
1000. Use upper scale X 10 to locate 1000. Read
down to intersection of solid line plot of K3 =
f(FsLT)l' 65. At this intersection read the left scale
for l(a Il(3 = 1,38. Also refer to item (188) for Ka

calculations.

= glot

For K4 use same procedure as outlined above except
use lower scale. Do not confuse the dashed line in
this plot with the note to use the right scale. The
note does not apply in this case. Read left scale.
Also refer to item (164) for K4 calculations.

For K5 use bottom scale and substitute b o for b" when
using partially closed slot. Read left scale when using
solid plot. Use right scale when using dashed plot.

Also refer to item (165) for K5 calculations.
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(150)

(151)

(162)

(153)

(Cont.)

For K6 use the scale attached for C1 and read KG

from left scale. Also refer to item (156) for K6

calculations.

The above factors (Kz), (Ka), (K4), (K5), (KB) can
also be calculated as shown in (152), (153), (154),

(168), (168), respectively.

WPNL = ”(d)('L)(Kl)(xz)(xa)(x4)(xﬁ)(xe)
- 7(11)(13)(161)(153)(163)(154)(155)(156)

K1 is derived empirically and depends on lamination material
and thickness. The values used successfully for 1(1
are shown on Graph 2. They are

Kl = 1.17 for . 038 lam thickness, low carbon steel
1.75 tor . 063 lam thickness, low carbon steel
3.5 for .125 lam thickness, low carbon steel
7.0 for solid
K1 is an input and must be specified on input sheet.

l'{3 can be obtained from Graph 2 (see item 180) for explanation
of Graph 2) or it can be calculated as follows:

5, 2.5
K, = 1(B) = 6.1x 107 (B)
= 8.1x 1070 (125)3- 8

K3 can be obtained from Graph 2 (see item 130) for explanation

of Graph 2) or it can be calculated as follows:

B 1.65
(Fgrr)

1.656

K3 = {(F ) = 1.56147 x 10~

SLT

= 1.5147 x 10”2 (153)

Where FSLT = (%Ml Q)
= 8} @




(164)

(188)
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K, can be obtained from Graph 2 (see item (150) for explanation
of Graph 2) or it can be calculated as follows:

Forrsé.!)
1.286
K4 = 1(7;) = .81(7‘.)

- 81(30)1' 200

For .0% 7;& 2.0
1.148
K, = 1(7) = .79(7)

- .79(20)} 148

For 7;73.0
K, = (7;) = .08(7:)"
- .o3(0)' 7Y

Kb can be obtained from Graph 2 (see item (180) for explanation
of Graph 2) or it can be calculated as follows:

For (b')/ g &1.7
Ky = t0,/8) = .3[ b))/ @) "2

- .3[@n/ 093
NOTE: For partially open slots substitute b0 for b'

in equations shown.
For 1.7<(b5)/(g)‘é 3

Ky = 0,)/(®) = .35[o,)/ @]
- .35[ a3)/ (o9)]
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(166)

(188)

(158a)

(159)

I'R

For 3<(b,)/ (g) €5
Kg = 1)/ () = .625[ (o) /()| " *
- 635 22) / (59) |
For (b,)/ (g) 5
Ky = 1[0,)) @ = 1.38[0,)/ @) ] °°°
- 1.38[ (23) / (89) |- 99

Kﬂ can be obtained from Graph 2 (see item (160) for explanation
of Graph 1) or it can be calculated as follows:

.98333(C,) - 1.60806
Ky = 1(C,) = 10[:9983C) ]

- 10 E””(’ll) - 1.00590]

STATOR IR - at no load. This item = 0. Refer to item (173)

for 100% load stator IBR.

EDDY LOSS - at no load. This item = 0. Refer to item (173a)
for 100% load eddy loss.

TOTAL LOSBSES - at no load. Bum of all losses

Total losses = (Rotor 12R) + (F & W) + (Stator Teeth Loss)
+ (Stator Core Loss) + (Pole Face Loss)
+ (Damper Loss)

= (146) + (147) + (148) + (1498) + (150) + (167)




(166)

(167)

(168)

(169)

(170)

IrrL

ErrL

I?Rp

WrFL

7
FIELD CURRENT at 100% load

IprL = (Fppr)/(Ng) = (165)/(99)

CURRENT DENSITY at 100% load

Current density = (Ippy)/(ay) = (166)/(106)

FIELD VOLTS at 100% load - This calculation is made

with hot field resistance at expected temperature
at 100% load.

Field Volts » (IFFL) (Rf hOt) = (166)(108)

FIELD I%R at 100% load - The copper loss in the field

expected temperature for 100% load condition.

Field IR - (Iprp) 2Ry not) = (166)3(108)

STATOR TEETH LOSS at 100% load - The stator tooth

loss under load increases over that of no load
because of the parasitic fluxes caused by the

ripple due to flux distortion.

1.8
P Load
YrrL * { 2}‘27("& ﬁ_mqg__j+ 1} W)

NOTE (X d) is in per unit

={z E'z(aa) 1+10 (148)
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(173)

(173a)

(174)

IR

POLE FACE LOSS at 100% load

K, )05 210 )
w - 8¢ . 1 (W
PFL (c)(‘f ) + PNL)

1171)§8?1§302 . 1% (150

(Ksc) is obtained from Graph 3

STATOR 12R at 100% load - The copper loss based on the D.C.

resistance of the winding. Calculate at the maximum

expected operating temperature.

'R = (@)p)” Bgpy o) Byt

= (5)(8)% (54) 1.

EDDY LOSS - Stator Izn loss due to skin effect

: (EF ) + (EF, )
Eddy Loss -[ B bot I:I (Stator IzR)

_[@L—zj@ - 1{(173)

TOTAL LOSSES at 100% load - sum of all losses at 100% load

Total Losses = (Field I2R) + (F & W) + (Stator Teeth Loss)
+ (Btator Core Loss) + (Pole Face Loss)

(Stator 12R) (Eddy Loss)
= (169) + (147) + (170) + (148) + (171) + (173) + (173) + (173a)




(175)
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RATING IN WATTS at 100% load

Rating = 3(E, ){,,)  (P.F.) Q‘%‘Ij‘gid—)

=3(9)(8)  (9)(1.)

RATING & 2 LOSSES = (175) + (174)

% LOSSES {I Losses / Rating + J Losses] 100

. [(174) / (177)] 100

W wnen e TR r <4 o~y n -
D LrriviniNCY = 1Uuup - B LUBBEeSs

= 100% - (177)

Item (180) through (178) are 100% load calculations.
These items can be recalculated for any load condition
by simply inserting the values that correspond to the
% load being calculated. The factor Load
of (IPH) as it changes with load.

takes care

Note that values for F & W (147) and WC (Stator Core
Loss) (149) do not change with load,
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The original Lundell generator patented by Robert Lundell in 1893 was

an axial air-gap generator with the output windings rotating.

The newer brushless, axial air-gap generator has the field structure
rotating and the output winding is stationary. The brushes

are eliminated through the use of auxiliary air-gaps.

The weight of this machine is approximately the same as that of a
radial gap Lundell generator of the same rating, speed and
frequency. It can be built with two stators and one field coil

for maximum output at a given diameter.

The output of the disk-type or axial-gap Lundell generator is a function

of the third power of the stator diameter, (D)3.

If a single-stator axial-gap generator and a radial-gap generator are
built with the same KVA, frequency, RPM, air-gap flux density,
and stator ampere loading (or the same reactances) the rotor
of the disk-type generator will be a minimum of two (2) times
the diameter of the radial-gap generator. See derivations in

Second Quarterly Report.

At the same rating and conditions of load, the single-stator axial air-
gap machine operates at four (4) times the stress level of the

radial-gap machine.




The outputs of all of the Lundell generators are functions of the third
power of their rotor diameters (d)3, but for equal maximum
rotor stresses, the radial gap generator wiii have (2)3 or 8

times the output of the disk-type machine.

Though the machine weights are comparable, the disk-type machine has
more WR2 and more gyroscopic moment than the radial gap

Lundell machines.

The attractive force, due to air-gap flux, between the rotor and stator
of the single-stator machine is great and the single-stator
configuration cannot be used with fluid bearings. The more

balanced two-stator design must be used with fluid bearings.

In some cases, the axial air-gap machines are advantageous because of
their physical configuration and the design procedure is included

in this study for completeness.




COMPLETE FLUX CHROCOYT OF
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VALUES OF K, FOR INTEGRAL-SLOT, 3¢ WINDINGS - TABLE 2

n Ky =~ HARMONIC DisTRIBUTION FACTORS

4= 2 3 4 s 6 7 & 9 10 O

[ 966 .960 .958 951 9s7 957 956 955 .955 955

3 707 667 €54 646 . 644 .42 .64 . 640 .63¢ .636i.
5 .259 .27 . 208 .200 . M7 195 194 . 194 .193 A9

7 - 2591 - 477 | ~ .158| ~ 49| - .145 143| - 141 | - .190| ~ .140 .136*
9 - 707 | -.333| - 270 ~ .247| ~.236 229 —.225| -, 222 -.220 L2102

l -.G66 | - y17 | - 26| ~ .o | — .02 097| —-.095| ~ 093| —.092 _087

13 ~ .966 217 126 . 102 . 092 . 086 .083 .081 .0719 0173

IS | = .77 . 667 .270 . 200 72 158 .150 .145 41 127

17 | - .259 . 9o .158 102 .08% 075| ..070 |  .066 064 .056

19 1259 90| - .205| — .10 - .o84 .072| ~ .066 | - ob2 | -~ .060 059

21 707 667 | - .654| ~ .247| - .12 143 -.122 | - gl - .12 o9/ ’
23 .966 1| - 958) - 149 - .o92 L072| — .063 | —~ .057| — .059 .04/

25 G66 | - .1ar | - . 958 +200 102 .075 . 063 .056 .052 ' .038j
27 707 | - .333| - 654 . 646 .23 . 158 127 At i .on

29 .259 | = 177 ~ .25 .957 145 .086 .066 .056 . 050 .033

3 - .259 Lu7 .158 gs?| - .197 .097| - 070 - .057| - 050 .OBIj
33 ~ .709 .667 .270 696 | - 644 .229 | - .1So | - .18 | — M0l .058_'
3¢5 - .966 . 6o 126 L200 | - .957 143 | - .083 | - .062| - .052 .027

37 - .966 Q6o | ~ 126 | - 199 | - .957 195 .095 . 066 . 654 _ozj
39 - .707 667 | -.270 | - .297| -.694 .642 .225 145 12 .099

41 - . 259 ..2'7 -~ . 188 - .o | = .197 .957 141 081 | -.060 .ozih
43 .259 | - 117 .205 . lo2 . 195 gs7 | - 194 -.093 | - .064 .02
4qs 707 | -~ .333 654 . 200 .236 g2 -~ 641 | ~ 222 = . 141 .042

47 966 | . 177 .958 102 .oz 195 | -.956 | = .190]| - .019 . ozo"
49 966 .217 958 | - .11o | - .092 .143 | -~ .956 194 092 .019

LY .707 667 654 | - 247 | -~ .72 .229 | ~.6491 .640 220 .ossj
S3 .259 . 960 .20S | -.1499 | -.084 097 | - .194 .955 .140 or8

SS -~ ,25¢ .960 | —- .158 . 200 .084 . 086 141 .95 | - .193 o7

57 ~ .707 667 | -~ .270 .649¢ ATz .158 . 225 .690| -.639 .033

59 - .966 L2172 | ~ . 126 957 092 .075 .09s 194 - 955 olé
6! -~ .96 | - .17 126 .957| = .102 072 | - .083| - .140]| - ,955 olré
é3 -~ 707 | -.333 .270 646 - .236 143 -.150| ~.222| ~ .639 .030
és ~.259 |~ .77 .158 200 =-.145 072| -~ .o70| - .093} - .193 .ms*
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ROUND COPPER WIRE TABLE 3
: Si2E Bage | AreA “[1a00" | Sincte | HEAVY | Sinoie Geass| BARE Wr | Sincee Geass Dovsee GeAss
AWG | Diamerer a” @ 25°C  |FormvAR | FormvAR| Formuar */1000' SiiconE SiLICONE
36 | .0o50 |.0000196| 424 . 0056 | .0060 .0757
* 35 | .0056 |.0000246| 338 . 0062 | . 0066 .0949
_ 34 | .0063 |.0000312 266 .0070 | .0074 . 120!
33 | .0071 |.0000346! 210 .0079 | .008% 1526
32 | .0080 |.0000s503| 165 .0088 | .0094 | .ol2l . 1937
31_|.0089 |.0000622 134 .0097 | .0104 | .0130 .2398
'L 30 | .0100 |.0000785| 106 |.0108 |.one | .oi42 | .3025 | .0132 L0152
29 | .0113 | .000100 831 .0122 | .0130 .0156 . 3866 <0145 .0165
28 | .0126 | . 000125 | 66.4 .0135 | 0144 | .0169 .4806 .0IS8 .0178
27 | .0142 | .000158 52.6 L0152 | .0lé! .0186 . 6101 0174 . 0194
26 | .0159 | .000199 Y1.7 .0169 | .0179 .0203 .7650 .0191 L0211
25 | .0179 | .000252 330 |.0190 | .0200 | .0224 .970 L0211 .0231
24 | 0201 | .000317 26.2 |.o213 |.0223 | .0263 1.223 . 025 .0276
23 | .0226 | .000%01 | 207 0238 | .0249 | .0289 1546 .0276 0301
22 | .0254 | .000507| /64 .0266 | .0277 | .0317 1.937 .0303 . 0328
21 | .0285 | .000638 ] 130 .0299 | .0310 .0349 2.459 .0335 .0360
20 | .0320 |.000804 10.3 .0334 | .0346 | .0384 3.099 .0370 .0395
19 .0360 | .00102 814 L0374 | .038¢ - 0424 3.900 .0409 .0434
18 .0403 | .00126 6.59 |.o04/8 | .043) .0468 4 iy .0453 .0478
17 04583 | .00159 5.22 .0469 | .ou82 | .05:9 6213 . 0503 .0528
16 | .0508 | .00204 4.07 .0524 | .0538 | . 0575 7812 .0558 . 0583
I5 .057i .00255s 3.2¢ .0588 | -0602 .0639 9.87 .0621 . 0646
4 L0641 .00322 2.58 .0659 |.0673 L0710 12.44 .0691 L0716
3 072 .00407 2.04 .0738 | .0753 | .0789 15.69 .0770 .0795
(2 .0808 .00515 L61 .0827 |.0842 | .0877 19.76 .0858 0883
H .0907 . 00650 1.28 .0927 | .0942 .0917 24.90 .0957 .0982
(0 .102 . 00817 1.02 .1039 |.1055 .1089 3143 .1069 .1094
q A1y .0102 81y 165 | L1181 L1225 39.62 L1204 . 1254
8 .129 . 013} .634 | .1306 | .1323 | .1366 | 49.98 .1345 .1395
7 A4y .0163 .510 1465 | . 1482 .1525 63.03 /503 1553
é 162 .0206 .403 | .1643 | . 1661 1703 7944 . 1680 .1730
S 182 .0260 .319 1842 | .1861 1902 100.2. .1879 1929
4 .204 .0327 .254% 126.3 .2103 . 2153
3 .229 L0412 .202 159.3
| 2 .258 .0523 .159 2009
' 0 .325 .0830 100 L
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DISC -TYPE SYNCHRONQUS GENERATOR

STATOR ROTOR

STATOR 1.D. SINGLE GAP_ gs
STATOR O.D. ROTOR O.D. 1.D.
CORE LENGTH PERIPUERAL SPEED DIA.
DBS X 2 POLE PITCH o /
SLOTS POLE AREA-OUTER DIA
CARTER COEFF, POLE AREA- INNER oo, ‘{)
TYPE W.0GF | ROTOR LEAKAGE __ -
TUROW e —{ POLE DENSITY J_
SKEW & DIST FACT. ROTOR IRON - T
CHORD FACTOR DAMPER BARS N _f
TOTAL EFF.COND, BAR PITCH ho bo i
COND SIZE
COND. AREA FIELD COIL TURNS
CURRENT DENSITY COND. SIZE —- ot —
WDG.CONST, <, C°”: AREA SATURATION

MEAN TURN
TOTAL ELUX RES® 5 AR GAP AT
GAP AREA

STATOR AT

GAP DENSITY s

%o LOAD POLE AT
POLE CONST. o E NO LOAD AT
FLUX PER POLE e N

AMPS ATED LOAD AT
SUAFT FLUX OVERLOAD AT
TOOTH PITCH VOLTS SHORT CIRCUIT AT
TOOTH DENSITY IZR
CORE DENSITY AMPs/IN.* LOSSES- EFFICIENCY

—

GRADE IRON "FIELD SELF IND. % LOAD
3 MEAN TURN DAMP. LEAK XDy XDg _
RES/PHASE @ ’ REACTION-TIME CONSTANT |- W
EDDY FACT TOP STA. TEETH
E.F. AVE EFF.BOT. SYNCH. X4 X¢ STA. CORE
- FACT. Cm $ UNSAT. TRANS. POLE FACE
AMP COND. PER IN SAT. TRANS. _| DAMPER
RGACT. FACTOR SUBTRANS. X¢'__ X¢" STA. IR
COND. PERM. NEG. SEQUENCE EDDY
END PERM. ZERO SEQUENCE ;'etggez -
LEAKAGE REACT. OPEN CIR.TIME CON. — | raTiNG J
AR GAP PERM. ARM. TIME CON. :
| REACT. OF ARM. Xod____Xag___]| TRANS, TIME CON. RATING § LOSSES
WT. OF COPPER SUBTRANS. TIME CON. % LOSSES
WT. OF IRON *% EFF,
W.0. FOR COOLING
KVA % P.E. VOLTS AMPS PHASE
CYFLES/SEC. POLES RPM BY




'AXIAL AIR-GAP, LUNDELL TYPE A,C. GENERATOR, DESIGN MANUAL

[

(1)

(2)

(3)

(4)

(5)

(5a)

(6)

(7)

(8)

(9)

(9a)

KVA

DESIGN NUMBER - To be used for filing purposes.

GENERATOR KVA

LINE VOLTS

Y

PHASE VOLTS - For 3 phase, g connected generator

(Line Volts) _ (3)
3 BREE

A
For 3 phase, @§j§ connected generator

EpH =

Epy = (Line Volts) = (3)
PHASES - number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In revolutions per minute

PHASE CURRENT - In amperes at ratedtload

\

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR - When PF = 0. to .95 set K¢ = 1;

when PF - .95 to 1, set K¢ = 1.05




(10a)

(11)

(12)

(13)

(16)

LD.

O.D.

STATOR EQUIVALENT DIAMETER

, (0.D.) + (LD.) B} (12) +(11)

d
2 2

STATOR I.D. - The inside diameter of the stator toroid

in inches.

STATOR O.D. - The outside diameter of the stator toroid

in inches

GROSS CORE LENGTH - In inches

0 - (0.D.)-(L.D.)  (12)-(11)
= 2 = 2

STACKING FACTOR - This factor allows for the coating
(core plating) on the punchings, and the
looseness of the ribbon. Approximate values

are giver in Table IV.

THICKNESS OF

LAMINATIONS
(INCHES) GAGE Kj
.C14 29 0.92
.018 26 0.93
.025 24 0.95
.028 23 0.97
.063 -- 0.98
. 125 -- 0. 99

TABLE IV




(17)

(18)

(19)

(20)

(21)

(22)

0s

hy

FEF &S

SOLID CORE LENGTH - The solid length is the gross

length times the stacking factor.

s = (K) x () = (16) x (13)

MAGNETIZATION CURVES are to be available for stator,

pole and yoke.

WATTS/LB - Core loss per lb of lamination material,

Must be given at the density specified in (20).

DENSITY - This value must correspond to the density
used in Item (19) to pick the watts/lb. The

density that is usually used is 77.4 kilolines/in2,

TYPE OF STATOR SLOT - Refer to Figure 1 for

type of slot.

ALL SLOT DIMENSIONS - Given in inches per Figure 1.

Note: For Type (c) slot

b - (1) + (b3) _ (22) + (22)
g - 2 ) 2




(23)

(24)

(25)

(26)

(27)

(28)

(29)

STATOR SLOTS - number of

DEPTH BELOW SLOTS - The depth of the stator core

below the slots.
Where ti, is the thickness of the stator core.

Q_

teo r"

SLOTS PER POLE PER PHASE

@ = (23)
q-= (P) (m)

STATOR SLOT PITCH (average)

_yw(d) _ w(10a)
Ts - Q - (23)

STATOR SLOT PITCH - 1/3 distance up from narrowest

section of tooth.

Ts 1/3 = Ts = (26)

TYPE OF WINDING - Record whether the connection is

Ywve' of "delta'.

TYPE OF COIL - Record whether random wound or formed

coils are used.




(30)

(31)

(31a)

(32)

(33)

CONDUCTORS PER SLOT - The actual number of con-

ductors per slot. For random wound coils use
a space factor of 75% to 80%. Where space
factor is the percent of the total slot area

that is available for insulated conductors after
all other insulation areas have been subtracted

out.

THROW - Number of slots spanned. For example, with
a coil side in slot 1 and the other coil side

in slot 10, the throw is 9,

PERCENT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a

pole pitch

o (y) _ (31
- (m)(a) T (5)(25)

PARALLEL PATHS, no. of - Number of parallel circuits

per phase |

STRAND DIA OR WIDTH - In inches. For round wire,

use strand diameter. For rectangular wire,

use strand width,




(34)

(35)

(36)

(37)

(38)

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have

a more flexible conductor and reduce eddy current
loss a stranded conductor is often used. For
example, when the space available for one
conductor is .250 width x . 250 depth, the

actual conductor can be made up of 2 or 3

strands in depth as shown.

~N
.} °<.‘.:3oucr0K
ONE STRANDO {

For a more detailed explanation refer to section
titled "Eifective Resistance and Eddy Factor"

in the Derivations in Appendix.

DIAMETER OF BENDER PIN in inches - This pin is used

in forming coils

COIL EXTENSION BEYOND CORE in inches - Straight por-

tion of coil that extends beyond stator core.

HEIGHT OF UNINSULATED STRAND in inches

DISTANCE BETWEEN CENTERLINES OF STRANDS IN

DEPTH in inches.




(39)

(40)

(41)

(42)

(43)

SK

STATOR COIL STRAND THICKNESS in inches - For rec-

tangular conductors only. For round wire

use 0,

SKEW - Stator slot skew in inches at main air gap. To
be measured at the stator O.D. as the devi-

ation from a radial line at that point.

POLE PITCH in inches (average)

- 1T (d) - ¥(10a)
\\";_ (P) (6)

SKEW FACTOR - The skew factor is the ratio of the voltage in-

duced in the coils to the voltage that would be induced
if there were no skew

(73w)
sin1r SK]

7Y | sin gy
Ksk T(Tg) 730
2A7p) 26D

DISTRIBUTION FACTOR - The distribution factor is the ratio
of the voltage induced in the coils to the voltage that
would be induced in the coils if the winding were
concentrated in a single slot. See Table 2 for com-
pilation of distribution factors for the various har-

monies.
. (q)(ocs)
sin| —— (o)
2 180
K, = where ac = ——
4 (@sin®s s~ (o8)




K= Sin EOO/ (mﬂ = sin [900/ (5)1 For (25) = Integer
4 (@)sin [90°/(m)@)] (25) sin[90°/(5)x (25)]
or
K.= sin ch:(m)/zj where N # Integer = Q X Integer & acm = 180°
d ~ N sin Ex: m)/2 & (m)(P) g N x (m)
“K,= s'mE)OO/ (mﬂ = Sinl:goo/ (BD For (25) = Integer

4 N sin [90°/N(m)] N sin[90°/Nx(5)]

(44) K.P PITCH FACTOR - The ratio of the voltage induced in the coil to
the voltage that would be induced in a full pitched
coil. See Table 1 for compilation of the pitch factors

for the various harmonics.

KP = sin [—(%S)ﬁ) X roj = sinl:-(g()-% X 90‘1

(45) n TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator winding taking

into account the pitch and skew factors but not allow-

ing for the distribution factor.

QL IEKs) _ (23)30)40)42)
e ©) - (32)

(46) a CONDUCTOR AREA OF STATOR WINDING in (inches)2 -
The actual area of the conductor taking into account

the corner radius on square and rectangular wire.
See the following table for typical values of corner
radii

If (39) = O then a_ = . 257(Dia)? = . 25T(33)>




(47)

(48)

If (39) # O then a, = (N

. 2
op)| (strand width) (strand depth) - (.858r ):]

= (34)|(33) (39) - {'858 rcz}:l

where . 858 rc?' is obtained from Table V below.

(39) (33) .188 .189 (33) .75 (33) .751
. 050 .000124 . 000124 . 000124
. 072 .000210 . 000124 . 000124
. 125 .000210 . 00084 . 000124
. 165 .000840 . 00084 . 003350
. 225 .001890 . 00189 . 003350
.438 -- . 00335 . 007540
.688 -- . 00754 . 01340
-~ -- . 03020 . 03020
TABLE V

CURRENT DENSITY - Amperes per square inch of stator

conductor

g . (Ipn) (8
S T (C)ap) ~ (32)(46)

END EXTENSION LENGTH in inches

When (29) - 0 then:

Z 1 (31) [(12)]

woley[ 1
Ly - 2l + IR
s "~ Vs

2
2 x (36) +1r((3—2§)—]+(31)“1(26)2(2_6)(22)2‘}
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(49)

(50)

(51)

(52)

PR

(hot)

1/2 MEAN TURN - The average length of one conductor in inches
Ji = (£) + (Lg) = (13) + (49)

STATOR TEMP °C. - Input temp at which F. L. losses will be
calculated. No load losses and cold resistance will
be calculated at 20°C.

RESISTIVITY OF STATOR WINDING - In micro ohm-inches @
20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm-inches.
P . ohm-cir
ohm-cm ohm-in mil/ft
lohm-cm = | 1.000 0. 3937 6.015 x 10°
iohm-in = | 2.540 1. 000 1.528 x 10°
1 ohm-cir mil/ft = |1.662 x 10”' | 6.545 x 10™° 1.000
TABLE VI

Conversion Factors for Electrical Resistivity

RESISTIVITY OF STATOR WINDING - Hot at X s°c in micro ohm-
inches

(X,°C) + 234.5 50) + 234. 5
Fwon = R [ 515 ]= R




53 |

(54)

(55)

(56)

SPH
(cold)

Rspn

(hot)

EF
(top)

EF
foot)

11

' STATOR RESISTANCE,/PHASE - Cold @ 20°C in ohms

(A0 )Q(/ )xw (51)(30)(23)(49) 5
(m )(ac)(C) (5)(46) (32)"

RsPH(cold) =

STATOR RESISTANCE/PHASE - Calculated @ X°C in ohms

(P hot /) @LH8 (52)(30)(23)(49),,
(m)(@a, )C)* (5)(46)(32)°

RopH(Mot) =

EDDY FACTOR TOP - The eddy factor of the top coil.
Calculate this value at the expected opera' ing tem-

perature of the machine.

3
2 1
N .-1|l h b
EF,, = 1+{.584 {Stw J[":&ﬂ 3.35x 10°°
2
(h,) (nsxf)(acj
(o )(/Ps)h(gft
—~2
584 + ,:34) - (38)(13) 3.35x 1075

2
(37)(30)(5a)(46)
(22)(52) ]

EDDY FACTOR BOTTOM - The eddy factor of the bottom coil
at the expected operating temperature of the machine

(b)) Oa )]

EF (EF ) -
oy~ (o) l:(b )(PShot) _l
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(57)

(57a)

(58)

m

bt 1/3

e

L300 3 4q) -
- (55) sopse } 1073

STATOR TC .4 - 1/2 way down tooth in inches-

5 type (a), (b), (d) and (e), Figure I
= (TP - (bg) = (26) - (22)
For slot type (c), Figure I

bty = (Ts) - (bg) = (26) - (22)

STATOR TOOTH WIDTH - 1/3 distance up from narrowest

section

For slots type (a), (b) and (e)

by 1/3 = (Y5 1/3) - (bg) = (27) - (22)
For slot type (c)

bt 1/3 = bty = (57)
For slot type (d)

b 1/3 = (T/3) - 232 (bg) = (27) - .94(22)

TOOTH WIDTH AT STATOR - Main air gap in inches

For partially closed slot

ar(d) W(10a)
R O v

For open slot

b= 7@ . _(\'%ly%)- (22)




(59)

(59a)

(59¢)

(60)

(61)

g2

MAIN AIR GAP - given in inches

AUXILIARY AIR GAP (gg) - given in inches

AUXILIARY AIR GAP (gg) - given in inches

REDUCTION FACTOR - Used in calculating conductor per-

meance and is dependent on the pitch and dis-
tribution factor. This factor can be obtained
from Graph 1 with an assumed K4 of .955 or

calculated as shown

(Kx) (61)

CX * ®RpZ Kp? ° (@2 ()2

FACTOR TO ACCOUNT FOR DIFFERENCE in phase current

in coil sides in same slot.
For 60° phase belt winding, i.e. when (42a) = 60

_ 1/ 3(y) < <
Kx = I/4 (—m—)(%- + ;}Where 2/3 = (y)/(m)q) = 1.0

Ky = 1/4] 36D 4 ;} where 2/3 £ (31a) £ 1.0

(5)(25)
or
_ /4] 8(y) < <
= 1/4 - here 1/2 = (3l1a) = 2/3
Kx = I/ L(__m_)lzay_ ] where a)
Kx = 1/4&5%% - 1| where 1/2 = (3la) = 2/3
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(62)

. | CONDUCTOR PERMEANCE - The specific permeance for

' (a) For open slots

For 120° phase belt winding, i.e. when (42a) = 120

Kx = .75 when 2/3 = (y)/(m)q)

Kx = .75 when 2/3 = (3la)

Ky = .05 {%% - 1] where 1/2 = (’rﬁ(%T X 2/3

Ky = .05 L2431 - 1] where 1/2 £ (31a) < 2/3
X {(_3)(_25 _were/ (312) /

fl

the portion of the stator current that is embedded
in the iron. This permeance depends upon the

configuration of the slot.

By B)  ©)  .350)
B 36 BN T )

s

20
2= O @@

>

2 l
20 {(22) = (22) (58) . 35(58)
AT (GO)W '((2_25+§(§§5+R'(§'6ﬂ5_§5+_(—267'

(b) For partially closed slots with constant slot width

o [B) 2 @) (hp ) 350)
Cy) + + +
1= ) mw| B OREI AR OV R RS A R CAY

20 |(22) 2(22) |, (22); (22) (58)° 35(58)]'

Aq = 60 ByEsy|E2) * B+ 22) T @2) T 3@2) T T6(26)59)

(c) For partially closed slots ( tapeved st des)

20 [0 2m) ah) G 3500,
i* X m@| By (b§+(b1) oo 306y 16(1')(8) m

= (60) 20 |(22) 2(22)  222) (22) (58) 35(58
Ay = 60) mmEy | 32) * B2+ (22) Tedies 3@2) T TBEOIEI '
/




(63)

(64)

15

(d) For round slots

[ ()]
= (C ) 20 .62 + 0
)‘1 X iquiL_ IEOL

— —

62 + (22)
—— —J

A3= (60) sy

(e) For open slots with a winding of one conductor per slot

by (&) () (73)
37 Cx) G| B * Ty S 2 T TE

22 59 26)
4= 60 gy o 2+ 6*2(1%5“4%65

LEAKAGE REACTIVE FACTOR for end turn

Calculated value (LE)
KE = Valis T 59 from Graph 1 (For machines where (11)> 8")

where LE = (48) and abscisa of Graph 1 = ()’)(’T; ) = (31)(26)

- alculated value of (LE) (For machines where (11)<8'")
K % Value (f..E) from Graph 1T

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

i 628(&)[” EJ 628(6 Q E
o b(x (13)(43)%

@.L
E .
The term —2'1_1_ is obtained from Graph 1.

The symbols used in this (term) do not apply to those
of this design manual. Reference information for the
symbol origin is included on Graph 1.
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(65)

(66)

(67)

(68)

(69)

g

WEIGHT OF COPPER - the weight of stator copper in lbs.

#'s copper = .321(ns)(Q)(ac)(£t) - . 321(30)(23)(46)(49)

WEIGHT OF STATOR IRON - in lbs.
283 (o) @(U)bg) +17 (@ (ho s}

#'s iron

. 283 {(57)(23)(17)(22) + 17 (10a) (24)(17)}

CARTER COEFFICIENT
(To) [5(e) +(bg)]
= 7
") [5@ +0g)] - (b

20 [5(59) + (22)]
S 7 (26) [5(69) +(22)] - (22)°

(For open slots)

K Ts E4- 44(g)+. 75(b0)__( (For partially closed slots)
S =
Vs [4.44(e) +.75(b) ] - (bo)?

(26) [4. 44(59) + . 75(22) }

Kg =
(26) [ 4. 44(59) +. 15(22)] - (22)2

S

MAIN AIR GAP AREA - The area of the gap surface at

the stator bore

Ag = J4_f (0.D.)2 - (LD. )a = ._741 612)2 - (11)2]

EFFECTIVE AIR GAP (MAIN)

ge = (Kg)(g) = (67)(59)




!

(70)

('70a)

(71)

(72)
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AREA OF OUTER AUXILIARY AIR GAP (gg) - Calculate

from layout. This gap must be uniform cir-
cumferentially with no saturated sections if
parasitic losses in the gap surfaces are to be

prevented.

AREA OF THE INNER AUXILIARY GAP (g3) - The same

comment applies to gg as to gg above. Avoid

discontinuity in the circumferential flux pattern.

THE RATIO OF MAXIMUM FUNDAMENTAL of the field

form to the actual maximum of the field form.

For pole heads with only one radius, Cj is ob-
tained from Curve #4. The abscissa is ''pole
embrace'" (oc) = (77). The graphical flux plot-
ting method of determining C; is explained in

the section titled '"Derivations' in the Appendix.

WINDING CONSTANT - The ratio of the RMS line voltage

for a full pitched winding to that which would
be introduced in all the conductors in series
if the density were uniform and equal to the

Maximum value,

_ (E)CDKg)  (3)(71)(43)
P(Epg)(m)  {3(4)(5)

Cw
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(73)

(74)

(75)

(76)

Assuming K3 = .955, then Gy = .225 Cj for
three phase delta machines and Cy = .390 Cg

for three phase star machines.

POLE CONSTANT - The ratio of the average to the maximu

value of the field form. Cp is obtained from
Curve #4. Note the correction factor at the

top of the curve.

DEMAGNETIZING FACTOR - direct axis.

) (cc)r +sin[(oc)17] = (7)™ tsin (77)

CM = ¢ sinfloc) W2] 4 sm[7D /2]

CROSS MAGNETIZING FACTOR - quadrature axs

Cq 1/2 cosﬁoc) “721"'(00)“ - sin[(oc)‘ﬂ] valid for

4 sinf(oc) /27 concentric
poles.

1/2 cos(__(77) W/Z] + (T - sinE77)7TJ
4 sin[(77) 1?/2]

Cq can also be obtained from Curve 9.

POLE DIMENSIONS LOCATIONS per Figure 2b

bpl - minimum width of pole (usually at tip) measured
at the edge of the stator toroid.
bp2 = maximum width of pole (usually at entering edge)

at edge of stator toroid.

b, = average width of pole

bp =bp12’f'bp2

BN D I WS G MS N S BN S G G G ED OGN B s ee oe




(79)

('79a)

PO

pi
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AREA OF POLE AT ENTERING EDGE OF STATOR TOROID

(outer pole) - Obtain from layout.

AREA OF POLE AT ENTERING EDGE OF STATOR TOROID

(inner pole) - Obtain from layout.

UNIFORM PoLE WhDTH FIGURE ARG
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(80)

(81)

(82)
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POLE TIP TO ROTOR LEAKAGE PERMEANCE - Add the

leakage permeance from the inside pole to the
outer flux ring and the outside pole to the shaft

section. PER FIG §

P = LL('QTI + Kal]\

SIDE LEAKAGE FROM POLE -TO-POLE

Pzzizi PER F\G 5

area of leakage path between poles x poles

»
n

median length of leakage path between a pair of poles

>
1]

LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE TO

ROTOR.
Add the leakage permeance from inner pole to outer

flux ring and from outer pole to shaft. Multiply this

sum by —gi PER FIG 6%7
po (Ha Masfp
3 = 3 273 | 2



F\C'n

24
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:

F—CC‘I 7
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(83) Py LEAKAGE PERMEANCE FROM UNDERSIDE OF POLE

TO UNDERSIDE OF POLE -

P, =[%] (P)  PER FIG 8

LEHl(AGE FLsx FRom UNDERSIDE OF
PRLE Te UNDERSIDE OF Porg
- G

FIG ¥

B
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(84)

(86)

(88)

(89)

LEAKAGE PERMEANCE THROUGH FIELD COIL

U3 PER F1G 7

Py =
5
Where ag = T (dc)(be) inches?
Where b. = width of field coil
Where d. = field coil diameter
_ Coil O.D. ;'- Coil L.D. ;. . hes
Where 05 i Coil O.D. 2— Coil L. D. inches
Y =319

STATOR TO FLUX RING AND SHAFT LEAKAGE
PER FiG 7

TOTAL FLUX in Kilolines

6(E)106 6(3)106
OT = Oy RPM) = (T2)(@B)IT)

LEAKAGE FLUX FROM STATOR TO SHAFT AND OUTER

FLUX RING

_pq [2Pp) + 2P ) + (Fgg) +(Fga)t (Fpo) +(Fyp)] x 1073
- 2

%

_ (86 (2(97) +2(98) +(123) +(120) +(104) +(*1ﬁ4b)] x 1073




‘ m — J
w Li
A
RS
- #
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(91)

(92)

(94)

(95)

(96)

TOOTH DENSITY in Kilolines/ in2 - The flux density in the

stator tooth at 1/3 of the distance from the minimum

section.

B = 9T _ __ (s8)
@Q)(Ps )bt 1/3) (23)(17)(57a)

FLUX PER POLE in Kilolines

(P) (6)

CORE DENSITY in Kilolines/in2 - The flux density in the

stator core

Be = __@P) . __(92)
2mo)Ws)  2(24X17)

GAP DENSITY in Kilolines/in2 - The maximum flux density

in the air gap

By = @1) _  (88)
(Ag) (68)

'

i

)

|

|

|

gp =@I)NCP) . (88)(73) !
o
3

|

|

!

|

AIR GAP AMPERE TURNS - The field ampere turns per pole

required to force flux across the air gap when oper-

ating at no load with rated voltage.

Fg = (Bglge) o2 (95)(69) 0>
3.19 3.19




(97)

(98)

(100)

(102)

(103)

po

31

STATOR TOOTH AMPERE TURNS

Fr = (hg) | NI/inch at density (B t)]

—

= (22) \IOOk up on stator magnetization curve

given in (18) at density (91)

STATOR CORE AMPERE TURNS

Fe = 14%%)) [NI/inch at density (B c)]
F 7 (10a) | Look up on stator magnetization curve
c = 4(6)

at density (94)

LEAKAGE FLUX - at no load
9y = ((PuHPIHPHPY | [2FD 2RI F) HFgg)] X107

E80)+(81)+(82)+(83)] [2(97)+2(98)+(123)+(1208 10

TOTAL FLUX PER POLE - at no load

Tpt = ¢p+.¢_§_ = (92)+<71%)0_)

FLUX DENSITY IN OUTER POLE (NL)

(Qpt) (102)
Byo = [—p—Tapé e ()]
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(104)

(104a)

(104b)

(104c)

po

pi

pi

Or

AMPERE TURN DROP THROUGH OUTER POLE @ N, L,

Fpo =({po) fNI/inch at density (Bpo)]

= (104) Look up on pole magnetization curvﬂ

at density (103).
Where fpo = length of outer pole.

FLUX DENSITY IN INNER POLE @ N. L.

_ g _(102)
Bpi = Ky = 1)

AMPERE TURN DROP THROUGH THE INNER POLE @ N, L,

Fpi p1) [Nl/inch at density (Bpi)]

= (104b) Look up on pole magnetization curve ﬂ
density (104a)

Where (npi) - length of inner pole

FLUX IN ROTATING OUTER FLUX RING AT NO LOAD

¢r = ¢g2 = ¢g3 = ¢Sh

= (108) = ("93) = (111)




|

(1044q)

(104e)

(108)

(111)

FLUX DENSITY IN ROTATING OUTER RING at no load

Where Ay =

B, - (¥r) . (104c)

(Ar) (104d)

ring cross-section area adjacent to the

outer pole (P,)

AMPERE TURN DROP IN RING at no load.

Fr

(L) [— NI/inch at density (Br)]

(104e) Look up on ring magnetization curve

at density (104d)
Where Q4 = length of ring

FLUX IN AUXILIARY GAP at no load

FLUX IN SHAFT

Bsh

¢g2 = ¢g3 = ¢r = ash

ot EL+9 4

(6)

= 102 A i (89)
at no load
= ¢g2 = ¢r = ¢g3

(108) = (104c) = (u8a)

33
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(112)

(113)

(114)

(118)

(118a)

(119)

Ash

Bsh

Fsh

AREA OF SHAFT (cross-sectional to flux)

FLUX DENSITY IN SHAFT at no load

_ Psh _ (111)
" Ky, | (112)

Bsh

AMPERE TURN DROP IN SHAFT at no load

Fgp = Qsh [Nl/inch at densicy (l?‘-sh)]

- (114) Look up on shaft magnetization curvj

at density (113)

Where 'Qsh = effective length of shaft

LEAKAGE FLUX ACROSS THE FIELD COIL in Kilolines

Ops = (P5) | (Fg2 HFga)t2FYr2F HH(Fpo)

HFpDHFr)HFsp) | x 1073

(84) [(123)+(120)+2(97)+2(98)+(104)
4+(104b}¥(104e)+(114)] x 10-3

FLUX IN AUXILIARY GAP g3

@g3 = g2 = (108)

FLUX DENSITY IN AUXILIARY GAP g3

_ (Qg3) _ (118a)
Pe3 '(A§3) = 700




(120)

(122)

(123)

(126a)

(126b)

(126¢)

g3

AMPERE TURN DROP ACROSS THE AUXILIARY AIR GAP g3

35

F.o = (Bg3) 103 - (119) (59 3
g3 = g 83 X 319 (00 x 10

FLUX DENSITY IN AUXILIARY AIR GAP

_(@g2) _ (108)
%82 *Taga) T (M)

AMPERE TURN DROP ACROSS AUXILIARY GAP (g9)

_ (Bg2)(g2) 3 _ (122)(59a) 3
Fg2 = —35 79 — * 107 = “=57g— x 10

FLUX IN YOKE

YOKE DENSITY

_ @y) (126a)
Y T T&y) "(126D)

Where ay = yoke cross-sectional area

AMPERE TURN DROP IN YOKE at no load

Fy =4y [ NI/inch at density (By)]
= (126¢) | Look up on yoke magnetization curve
at density (126b)
Where Ky = length of yoke
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(127)

(127a)

(127p)

(127¢)

(128)

IFrNL

EpNL

TOTAL AMPERE TURNS at no load

FNL = [2(FQt2(PTIH Fpo HFp P HEsh)H(FgaJH(Fga)h(Fy)

2(98)+2(97)H 104)H(104b)H 104e) {114 12314 120)+{(126¢)

FIELD CURRENT - at no load

IFNL = (FNL)/(NF) = 127)/(146)

FIELD VOLTS - at no load. This calculation is made

with cold field resistance at 20°C for no load

condition,

Er = (IFNLYRf colgd) = (127a)(154)

CURRENT DENSITY - at no load. Amperes per square inch

of field conductor.

Sr = (IpnL)/(acf) = (127)/(153)

AMPERE CONDUCTORS per inch - The effective ampere

conductors per inch of stator periphery. This
factor indicates the ''specific loading' of the
machine. Its value will increase with the rat-

ing and size of the machine and also will in-
crease with the number of poles. It will decrease
with increases in voltage or frequency. A is
generally higher in single phase machines than

in polyphase ones.

A . UpH)(ns)(Kp) (8)(30)(44)
(C) (rs) - (32)(26)




(129)

(130)
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REACTANCE FACTOR - The reactance factor is the quantity by

LEAKAGE

which the specific permeance must be multiplied to
give percent reactance. It is the percent reactance
for unit specific permeance, or the percent of normal
voltage induced by a fundamental flux per pole per
inch numerically equal to the fundamental armature
ampere turns at rated current. Specific permeance

is defined as the average flux per pole per inch of

“core length produced by unit ampere turns per pole.

__ M0MEY  100(28)43)
wfz'(cl)(Bg) x10° V2 (71) (95) x 10°

REACTANCE - The leakage reactance of the stator

}B=

Xy = X[(}\i) + ()E) + (}B)] where g = 0 for 3 phase machines.

%%:in[-((%—%;a—]QO] o 11| " [3(31)] 90°
' Kp

for steady state conditions. When (5) = 3, calculate
as follows:

X¢ = X[+ )] = (19)[(62) + (64) ]

In the case of two phase machines a component due

to belt leakage must be included in the stator leakage.
reactance. This component is due to the harmonics
caused by the concentration of the MMF into a small
number of phase beits per pole and is negligible for

three phase machines. When (5) = 2, calcuiate as
follows:

o @)

s

Xy = (79)[_(62) +(64) + (80) ]




(131) Xad REACTANCE -~ direct axis - This is the fictitious reactance

due to armature reaction in the direct axis.

Xad = (X)(a)C1)(CM) = (120)(70)(71)(74)

(132) Xaq REACTANCE - quadrature axis - This is the fictitious

reactance due to armature reaction in the cbuad._ axis.
Xaq = (XNCq)(Ng) = (129)(75)(70)

(133) | X SYNCHRONCUS REACTANCE - direct axis - The steady state
d

short circuit reactance in the direct axis.

X4 = (Xf) + (Xagq) = (130) + (131)

(134) Xa SYNCHRONOUS REACTANCE - quadrature axis - The steady

state short circuit reactance in the quadrature axis.

Xq = Xp) + Xaq) = (130) + (132)

(145) Ve PERIPHERAL SPEED - The velocity of the rotor surface in

feet per minute

Vp = 77 (dp)J(RPM) _ 2 (11a)(7)
12 12

(146) | Ng NUMBER OF FIELD TURNS

147) | L4 MEAN LENGTH OF FIELD TURN

(148) | -- FIELD CONDUCTOR DIA OR WIDTH in inches

(149) | -- FIELD CONDUCTOR THICKNESS in inches - Set this item = 0.

for round conductor.




(150)

(151)

(152)

(153)

(154)

(155)

(156)

XfOC

Pt

(hot)

acf

Rf
(cold)

R
(hot)

39

FIELD TEMP IN °C - Input temp at which full load field loss

is to be calculated.

RESISTIVITY of field conductor @ 20°C in micro ohm-~-inches.

Refer to table given in item (51) for conversion fac-

tors.

RESISTIVITY of field conductor at X¢°C

_ P, |%4°C) + 234.5 | _ 10n [ (150) + 234.5
St ot) =fx 254.5 _—J 1oy 254.5 |

CONDUCTOR AREA OF FIELD WINDING - Calculate same

as stator conductor area (46) except substitute

(149) for (39)
(148) for (33)

COLD FIELD RESISTANCE @ 20°C

- ™) i) (151) (146) (147)
Rt (cold) = (P¢) o ( )—ﬁﬁf—

HOT FIELD RESISTANCE - Calculated at X{°C (103)

WEIGHT OF FIELD COIL in lbs.
#s of copper = .321(Nf)({tf)(acf)

= . 321(146)(6)(147)(153)
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(157 | -- WEIGHT OF ROTOR IRON - Because of the large number of.

different pole shapes, one standard formula cannot
be used for calculating rotor iron weight. Therefore,l
the computer will not calculate rotor iron weight. '
The space is allowed on the input sheet for record
purposes only. By inserting 0. in the space allowed
for rotor iron weight, the compvputer will show '0'". .
on the output sheet. If the rotor iron weight is avail-
able and inserted on input sheet, then the output sheet

will show this same weight on the output sheet.

(160) Xp FIELD LEAKAGE REACTANCE

[co/cm]
XF = Kad |1 - 5 AAD)
7 (X

_ _ _ltmy/(r4)
= (81 |1 2(73) + 4(160c)
7 (70)

(1602)| Pe ROTOR LEAKAGE PERMEANCE
p E)1+ P2+P3+P4J+ Ps
(6) [80) ¥ (81) + (82) + (833 + (84)

(160c)| €\r ROTOR LEAKAGE PERMEANCE per inch of stator stack

Pe

- Pe _ (160
AF '7?""('( 1‘)_3a)

(161) | Lg FIELD SELF INDUCTANCE
Lt = (NP2 ¢/p) ECP)(')\a)/I—gt r (7\fEl x 1078

= (99)2 (76) I__(73)(70)£2 + (160c):l x 1078




(166)

(167)

(168)

(169)

(170)

(172)

ARl

X2

41

UNSA™  4TED TRANSIENT REACTANCE

X qu = (Xg) + (Xg) = (130) + (160)

SATURATED TRANSIENT REACTANCE

X q= .88(X qq) = -88(166)

SUBTRANSIENT REACTANCE in direet axis

X" = (X g) = (167)

SUBTRANSIENT REACTANCE in quadrature axis

X'q = &) = (134)

NEGATIVE SEQUENCE REACTANCE - The reactance due to

the field which rotates at synchronous speed in a

direction opposite to that of the rotor.

Xp = .5 (X'q + x"q] = .5 [Q168) + (169)]

ZERO SEQUENCE REACTANCE - The reactance drop across

any one phase (star connected) for unit current in eact
of the phases. The machine must be star connected
for otherwise no zero sequence current can flow and

the term then has no significance.

H (28) =0, then Xo =0
If (28) £ 0, then



K, )
X =XA =220 [ () + (A )]+
0" X)) [+ Vo] (m)(@)(Kp)* (K )°(b,)

!

i

1.667 l:(hl) + 3(h3):| 2(%.
+ . F'

- 9] 413 [(62) + 123c)] + 1:67 [(22) + 3(22)]

74 (5)(25)(44) (43)% (22)
173) | Kyo 1{(30)=1 ThenK_=1
If (30) # 1 ThenKx0=(§l%- 2
3(31)
=B
(174) | Ky If 30)=1 ThenK , =1
If (30)#1 “hen:
K, = 43n(1Y)q) 7%% If (31a)>.667

—

K, = 1&” 4] [3(31) -1 If (31a) <. 667

(175) | A g, (Kp) [070')] (;1)3 [07(70)]

(176) | T do OPEN CIRCUIT TIME CONSTANT - The time constant of the

field winding with the stator open circuited and with '
negligible external resistance and inductance in the
field circuit. Field Resistance at room temperature l
(20°C) is used in this calculation.

T o - LF_ 2161)) '
Rr (154
i




(177)

(178)

179

(180)

Ty

Fgc

43

ARMATURE TIME CONSTANT - Time constant of the D.C.

component. In this calculation stator resistance at

room temperature (20°C) is used.

T, = X2 - (170)
2007£)(ry) 2007 (5a)(177)

(m)(IpE)*(BSPH cold) _ (5)8)2(53)

Wh - -
ere Ta Rated KVA X10° @2)%10°

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wave.

t X' t
T 4 =%3(—§5)- (T go) = %%3) (176)

SUBTRANSIENT TIME CONSTANT - The time constant of the

subtransient component of the alternating wave.
This value has been determined empirically from

tests on large machines. Use following values:

\AJ

T q = .035 second at 60 cycle

A2l

T g

. 005 second at 400 cycle

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when the

stator is short circuited.

FsC = (Xg)Fg) = (133)(96)
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(181)

{182)

(183)

SCR

IZRF

F&W

SHORT CIRCUIT RATIO - The ratio of the field current to

FIELD I°R - at no load. The copper loss in the field winding

produce rated voltage on open circuit to the field
current required to produce rated current on short
circuit. Since the voltage regulation depends on the
leakage reactance and the armature reaction, it is
closely related to the current which the machine pro-
duces under short circuit conditions and, therefore,

is directly related to the SCR.

SCR = (FyL)/(Fgc) = (127)/(180)

is calculated with cold field resistance at 20°C for

no load condition.

Field I2R = (IpNL)2 (B¢ colq) = (1272)2 (154)

FRICTION & WINDAGE LOSS - The best results are obtained

by using existing data. For ratioing purposes, the

loss can be assumed to vary approximately as the 5/2
power of the rotor diameter and as the 3/2 power of
the RPM. When no existing data is available, the
following calculation can be used for an approximate
answer. Insert 0. when computer is to calculate
F&W. Insert actual F&W when available. Use same

value for all load conditions.
F&W = 2.52 x 1076 (a;)2-5 () (rPM)!-?

= 2.52 x 10~6 (112)2:5 (76) ()!+°

”




(184)

(185)

(186)
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STATOR TEETH LOSS - at no load. The no load loss

(WrNL) consists of eddy current and hysteresis
losses in the iron. For a given frequency the no
load tooth loss will vary as the square of the flux

density.

WTNL = -453(b 1/3)Q)/s)(hs)(Kg

.453(57a)(23)(17)(22)(184)

Where Kq = (k) [(Bt)] (19) -(—g%))]

STATOR CORE 1OSS - The stator core losses are due io

eddy currents and hysteresis and do not change under
load conditions. For a given frequency the core loss

will vary as the square of the flux density (B.).

We = L42[ (D) - (e)] (he)(fs)g)

- 142 ['(12) - (24)? (24)(17)(185)

.2\
Where Kq = (k) %129; = (19) 8_3%.

POLE FACE LOSS - at-no load. The pole surface losses are

due to slot ripple caused by the stator slots. They
depend upon the width of the stator slot opening, the
air gap, and the stator slot ripple frequehcy. The no
load pole face loss (Wppy1,) can be obtained from
Graph 2. Graph 2 is plotted on the bases of open
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slots. In order to apply this curve to partially open
slots, substitute by for bg. For a better understand-l

ing of Graph 2, use the following sample:

K; s givan > Graph 2 is derived empirically and
depends on launi.  ~n material and thickness. Those
values given on Graph 2 have been used with success
K] is an input _ad inust be specified. See Item (18'?’)l

for values of Kj. '

Ko is shown as being plotted as a function of (BG,)z'5
Also note that upper scale is to be used. Another
note in the lower right hand corner of graph indicates'
that for a solid line (__ ), the factor is read

from the left scale, and for a broken or dashed line

( : _), the right scale should be read.

For example, find K9 when Bg = 30 kilolines. First
locate 30 on upper scale. Read down to the inter- '

section of solid line plot of Ky = f(Bg)>"°.

At this
intersection read the left scale for K9. Kg = .28.

Also refer to Item (188) for K9 calculations. .

K3 is shown as a solid line plot as a function of
(FsL.T)* 6°. The note on this plot indicates that the '
upper scale X 10 should be used. Note Fgy1 = slot .
frequency. For an example, find K3 when Fgy T =

1000. Use upper scale X 10 to locate 1000. Read '
down to intersection of solid line plot of K3 =

55 At this intersection read the left scale |

f(FsLT




(187)
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for Kg. K3 = 1.35. Also refer to Item (189) for

K3 calculations.

For K4 use same procedure as outlined above except
use lower scale. Do not confuse the dashed line in
this plot with the note to use the right scale. The
note does not apply in this case. Read left scale.

Also refer to Item (190) for K4 calculations.

For Ky use bottom scale and substitute by for bg
when using partially closed slot. Read left scale
when using solid plot. Use right scale when using
dashed plot. Also refer to Item (191) for Kg cal-

culations.

For Kg use the scale attached for Cj and read Kg
from left scale. Also refer to Item (192) for Kg

calculations.

The above factors (K3), (K3), (K4), (K5), (Kg) can
also be calculated as shown in (188), (189), (190),
(191), (192) respectively.

WpNL =7 AK)) (Ko (K 3)(K4)XK5)(Kg)
=7-(11)(13)(187)(188 )(189)(180)(199)(192)

K} is derived empirically and depends on lamination material
and thickness. The values used successfully for K;

are shown on Graph 2. They are:
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(189)

(190)

KA
n

1.17 for .028 lam thickness, low carbon steel

1.75 for .063 lam thickness, low carbon steel

3.5 for .125 lam thickness, low carbon steel

7.0 for solid core

Kj is an input and must be specified on input sheet..

Ko can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

Ky = f(Bg) = 6.1 x 107 (Bg)2-°

6.1 x 1079 (85)2-9

K3 can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:
Kg = f(FgpT) = 1.5147 x 1075 (Fgpp)!*

= 1.5147 x 1079 (189)- 65

Where FgyT = (—R—%\: Q)

-
= %0 (23)

K4 can be obtained from Graph 2 (see Item 186 for explana-
tion of Graph 2) or it can be calculated as follows:

For 7~ g < .9
Kg = #((73)

) 81(7,8)1. 285
= .81(2 6)1. 285




(191)
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For .95 4 £ 2.0

Kg = £(7g) = 79714
- .79(26)1'145
For g >2.0

Ky = #(Ts) = .92(7g) "

- .92(26)" 72

K5 can be obtained from Graph 2 (see item 186 for explana-

tion of Graph 2) or it can be calculated as follows:

For (bg)/(g) = 1.7

.3 [/ ()] 2-%
.3 Bzz)/(sgﬂ 2.31

NOTE: For partially cpen slots substitute by for bg

K5 = f(bg/g)

in equations shown.
For 1.7<(bs)/(g) T 3
Ks = (bs)/(g) = -35 [(bs)/(g) ] 2
= .35 [(22)/(59)] 2
For 3<(bg)/(g) < 5
K5 = £(bs)/(g) = .625 Bbs)/(g‘)] 1.4
= .625 [22)/(59)] 1*
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(192)

(194)

(195)

(196)

I°R

For (bg)/(g)>5
K5 = 1 (bs) /(g) = 1.38[(bs) / () | - 965

- 1.38 [(22)/(59) ] - 965

Kg can be obtained from Graph 2 (see Item 186 for explana-

tion of Graph 2) or it can be calculated as follows:
Kg = £(Cy) = 10 l-_.9323(cl) - 1.60596]
= 10 E9323(71) - 1. 6059@

STATOR I2R - at no load. This iten. - 0. Refer to Item

(245) for 100% load stator I2R.

EDDY 1.OSS - at no load. This item = 0. Refer to Item
(246) for 100% load eddy loss.

TOTAL LOSSES - at no load. Sum of all losses.

Total losses = (Field I2R) + (F&W) + (Stator Teeth Loss)
+ (Stator Core Loss) + (Pole Face Loss)

= (182) + (183) + (184) + (185) + (186)

NOTE: The output sheet shows the next items to be:
(Rating), (Rating + Losses), (% Losses),
(% Efficiency). These items do not apply to

the no load calculation since the rating is

zero. Refer to Items (175), (176), (177), (178)

for these calculations under load.

The no load calculations should all be repeated now

for 100% load.




(196a)

(198)

(198a)

(207)

(213)

€d

oL

OpL

Rovon. 4
’ LEAKAGE FLUX PER POLE at 100% load

A
‘Al

s - 0 Z{(ed)(pg)i- [ 1 +cos (8) |(Fp) + (FC)}

(Fg) + (F1) + (F¢)

- (100) {(198)(96)~§— (1 + cos (198a) | (97 + (98)
: 96) + (97 +(99)

Where eq = cos€ + (Xq) sinY

cos (198a) + (83) sin (198Db)

Where 0 - cos-1 UPower Factor)]

cos~1 [(9)__]

Where Y = tan1 {:Si“ (9) ':;‘O(S}?Ol; /(100)

- tan-1 [ sin (1982) + (134) / '(1003
cos (198a)

Wnere€ = Y - 0 ='(198a) - (198a)

STATOR TO ROTOR FLUX LEAKAGE at full load

51

9711 [2F o) +2(Fr) (14 cos(O))HFa a1 HFa31) K Fpo L) HF )k 1073
2

- (85 [2(98)42(97)E1+cos(198aﬂ +(225)*(231)+(222a)+(222cﬂx 10-3

2
FLUX PER POLE at 100% load

For P.F. 0 to .95

gpL, = (@Fp) [(ed) - '931(;;3‘1) sin (\r)]

- (92) [(1983.) ; i:}(r}g—l) sin (198a):|




For P,F. .95 to 1.0

OpL = (@p)(Ko) = (126)(9a)

(213a) | @pTL |TOTAL FLUX PER POLE at 100% load

OprL - Opr ¢ 2 - (213)  136)

(221) | Gyp1, |AUXILIARY GAP (gg) FLUX

FgaL = (Fg3L) = (FrL) = (FenD) = (FpL) = HPz)
. (213)‘%(207)

(222) B FLUX DENSITY IN OUTER POLE at full load

poL

Bn. - PTL_ (2132)
po Apo (79)

(222a) FpoL AMPERE TURN DROP THROUGH OUTER POLE at full load

FpoL = (on) [NI/inch at density (BpOLB

(104) Look up on pole magnetization curve:(

at density (222)

(222b) BpiL FLUX DENSITY IN INNER POLE at full load

B,; - 9PTL _ (213a)
P Api (792)




|

(222c¢)

(2224)

(222¢)

(224)

(225)

piL

Bg2L

FgaL

AMPERE TURN DROP THROUGH INNER POLE at full load

FpiL = )Qpi [NI/inch at density (Bpita

= (104b) { Look up on pole magnetization curve at]

density (222b)

FLUX DENSITY IN ROTATING OUTER RING at no loaa

¢rL - (221)

B,p -
rL = A, T (104q)

AMPERE TURN DROP IN RING at full load

Q@) [:NI/inch at density (Br)]

FrL

(104e) | Look up on ring magnetization curve a?
density (222d)

FLUX DENSITY IN AUXILIARY GAP under load

Byor, = Pz2L - (221)
s Agz (70

AMPERE TURN DROP IN AUXILIARY GAP (g&)

B ) 3
Fgor, = Bg2L) 10
g2L = —25 (g2) x

N’

- (22¢9) (59a) x 103

224
- 3.19
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(226)

(229a)

(229b)

(229¢)

(230)

(231)

5L,

Bg3L

1:‘g3L

LEAKAGE ACROSS FIELD COIL i
¢5L = Pj [:Z(Fc)"’z(Fr) D"'COS(OS_](FgZ)'KFg3)+(Fp0L)+(FpiL) l
HFr)HFgp1)] x 1073 i

(84) [2(98)+2(97) [1 +cos(198a) | +(225)4H(231) #(222a)H( 222
+(222e)+(233)+<229c)J x 1073

FLUX IN YOKE BACK OF COIL at full load

FLUX DENSITY IN YOKE BACK OF COIL at full load
B. - (Fy) _ (227a)
y ZA‘Y‘VS (126b)

AMPERE TURN DROP IN YOKE at full load

0y [NI/inch at density (ByL)j

(123c¢) \\Look up on yoke magnetization curvé:}

FyL

at density ()

GAP DENSITY IN AUXILIARY GAP (g3) at full load

_ (@o31) _ (221)
il v il ¢ )

AMPERE TURN DROP ACROSS GAP at full load

1t

Fg3

Be3L) (g3) x 103

%2% (59¢) x 103




(232)

(233)

(236)

BshL

| FshL

55

(114) Look up on shaft magnetization curve]

SHAFT DENSITY at full load

B - (@shL) _ (221)

shh = @y~ (112)
SHAFT AMPERE TURN DROP
FghL = (Qsh) [-Nl/inch at density (Bsh)]
at density (232)

TOTAL AMPERE TURNS at full load
FrL =

2(F H-2(F) [lfcos(O)] +(Fgar) HFg31)+(Fpor ) FpiL)
+H(Fr)HFsh)HFy1)

2(98)+2(97) [1 ¥ cos(198a)| + (225)1H 231 )11(222a) H 222¢)
+(2226)H233)+(229¢)



(237)

(239)

(238)

(241)

(242)

IrFL

EprL,

IzRFL

WrrL

FIELD CURRENT at 100% load

Irpr = (FFL)Y/(NF) = (236)/(146)

CURRENT DENSITY at 100% load

Current Density = (IFF1)/(act) = (237)/(153)

FIELD VOLTS at 100% load - This calculation is made with ho

field resistance at expected temperature at 100% 1oad.'

Field Volts = (IpFL)(Rf hot) = (237)(155) '

FIELD I°R at 100% load - The copper loss in the field windin
is calculated with hot field resistance at expected

temperature for 100% load condition. .

Field I°R = (Ipp1)2(Rs pot) = (237)2(155) '

STATOR TEETH LOSS at 100% load - The stator tooth loss

under load increases over that of no load because of
the parasitic fluxes caused by the ripple due to the '

rotor damper bar slot openings.

~

_ (% Load)
WTFL = L [27%0) 100 :] +l}(WTNL)

oo




(243)

(245)

(246)

(247)

WprL

12 Ry,

57

POLE FACE LOSS at 100% load

- 2
IZ-KSC)(IPH)'&[I&%{Q‘ (n_)l + 1L (WpN1)
L ©OF

[( 242)(8)1 (30)]
= (32)(96) + 1} (186)

(Ksc) is obtained from Graph 3

WpFL

STATOR IR at 100% load - The copper loss based on the D.C

resistance of the winding. Calculate at the maximum

expected operating temperature.

- 2
R = (m)(IPH) (RSPH hot 100
= (5)(8)% (54) 1
EDDY LOSS -~ Stator I2R loss due to skin effect

Eddy Loss =EEF top) + (EF bot) :J (Stator I2R)

2

[55) - (56) _J (245)

TOTAL LOSSES at 100% load - sum of all losses at 100% load
Total Losses = (Field I2R) + (F&W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)
+ (Stator I2R) + (Eddy Loss)
= (241) + (183) + (242) + (185) + (243) + (245) + (246)
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(248)

(249)

(250)

(251)

% LOSSES

RATING IN KILOWATTS at 100% load

Rating = 3(Epg)ipy) - (@.F.) B Z0ad) . o-3

= 3(4)(8) (9)(1.) x 10~3

RATING AND LOSSES = (248) + (247)X10 >

1]

Ewssesmo’}/@ating + iLosse_sg 100
[eamé)2497] 100

100% - % Losses
100% ~ (250)

I

% EFFICIENCY

These items can be recalculated for any load condition by
simply inserting the values that correspond to the % load
being calculated. The factor ‘@ 193d) yoyes care of (Ipg)

100
as it changes with load.

Note that values for F&W (183) ana W (Stator Core Loss)
(185) do not change with load, therefore, they can be cal-

culated only once.
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AXJAL AIR GAP LUNDELL GENERATORS

Axial air gap synchronous generators have definite design limits that allow the
prediction of generator output from stator O.D. and RPM.

Discussion

When the axial air gap machine is worked to definite limits of current loading
and air gap density, simply specifying the speed and the KVA output determines
the diameter of the stator.

To determine the size of a specific type of generator at different speeds and
ratings, a stator current loading limit and an air gap density limit should be
assumed. For the determination of the size of the axial gap generators, an
ampere loading of 900 ampere-conductors per inch of circumference of the
stator has been used. This circumference is at the average diameter .=
OD+ID . The gap density has been fixed at 40 K1/ inz. This density is the
actual maximum of the flux wave under each pole. The equations used assume
a sine wave of flux, or that the maximum fundamental of the pole flux wave is
equal to the actual maximum of the flux wave. For concentric poles (square

flux waves), this occurs at a pole embrace of 55%.

40 Kl/in2 gap density and 900 amp-conductors per inch are set as the design
limits.

The following discussion explains the derivation of the output equation used to
determine generator sizes.

LiEiLve

103

The output of a three phase generator is KVA =

The voltage is defined by -
@ (RPM) Cw Ne

LL 60 x 10°

E

See derivation elsewhere in report.
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Where ¢T = Hypothetical total flux in air gap in Kilolines,
Eji. C1Ky
CW=MEh' =.39C1
JY 'I/—Z—
m = No. of phases
_ . maximum fundamental _ .

C1 = Ratio actial Taximum of the flux wave = 1.0 for sine wave

Ne = Total effective conductors in the machine

The basic voltage equation is substituted in the output equation.

V3 ¢TRPMCWNeIV§

KVA =E__ I =
LL L 443 60 x 10° x 10°
¢T = BGap AGap and
ATD
I —-—N.—e— where
A = Amgere wire/inch loading of stator based on the average diameter
of stator
Bg (TDL ) RPM (.39C,)Ne /3 ATD
c 1
KVA = 8
60 x 10 Ne
Bg 9. 85 D? /. RPM .39C. A Y3
c 1
KVA = 8
60 x 10
2
Bg D [c RPM A
KVA = i Basic eqn.

90 x 10
For axial air gap machines

D = average diameter of stator

_0OD+1ID
- 2
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For radial air gap machines

D = rotor diameter.

To allow a general treatment of the axial air gap machine, the typical design

will be considered to have the following characteristics:
Stator OD = % stator ID
Gap density = Bg = 40 Kl/in2

Amp. Cond.

Ampere loading = A = 900 o

C, = Field form factor = 1.0 (assume sine wave)
Then,
Bg Dzav Lc RPM A
KVA - e
90 x 10
2 .,
Davg =——g =D
,Zc = % OD
and,
_ 25 21 RPM (900)
KVA = 40 36 (OD) 3 (OD) ———"
90 x 10
4.63 (OD)° RPM
KVA = = 5

10
Area of stator = .437 (OD)2

Total flux = 40 (Area of stator) = 17.5 (OD)2 Kl.
@., = approx T x .56
P * Poles © °

©® shaft = approx. ¢T x .27
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When the ID of the stator is fixed at -g- OD, the diameter which divides the sta-

tor into two equal areas is .85 OD. The average diameter is % OD or .835 OD
--a 1.75% difference. This difference will be ignored and the average diameter

g- OD will be used as the design diameter for all calculations.

For axial air gap generators

_ 4.63 3
1§VAL-.;56- (OD)° RPM

oD ©op)® X %g X 6000 12000
3 27 .125 (107%) 75 1.5
4 64 .296 (10”3 1.77 3.54
5 125 .58 (10°9) 3. 48 6. 96
6 216 1.00 (1075 6. 00 12.0
7 343 1.59 (1073 9.55 19.1
8 512 2.37 (1073) 14.2 28. 4
9 730 3.38 (103 20.3 40.6

10 108 .63 (1079 27.7 55. 4

11 1330 6.16 (1073 37.0 74.0

12 1728 8.0 (1079 48.0 96.0

13 2197 10.15 (1073 61.0 122.0

14 2744 12.7 (1073 76.3 152. 6
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KVA for RPM Shown

oD 6000 8000 | 10, 000 12, 000 15, 000 20, 000 24, 000
3 .75 1.0 1.25 1.5 1.88 2.5 3.0
4 1.77 2.36 2.95 3.54 4.42 5.9 7.08
5 3.48 4.63 5.8 6. 96 8.7 11.6 13.92
6 6.00 8.0 10.0 12.0 15.0 20.0 24.0
7 9.55 12.7 15.9 19.1 23.9 31.8 38.2
8 14.2 18.9 23.6 28.4 35.5 47.2 56. 8
9 20.3 27.1 33.8 40.6 50.7 67.6 81.2
10 27.7 36.9 46.2 55.4 69.2 92.4 110.8
11 37.0 49.3 61.7 74.0 92.5 123.4 148.0
12 48.0 64.0 80.0 96.0 120.0 160.0 192.0
13 61.0 81.3 | 102.0 122.0 153.0 204.0 244.0
14 76.3 101.5 | 127.0 152.6 191.0 254.0 305.2

2

ESTIMATING THE COIL WEIGHT AND I'R LOSS

Based on 80% ratio of

Field Copper Area
Total Coil Area

for field coils and a current density

of 5000 amps/inz, 4000 ampere turns would require one square inch of coil

Cross section.

Assume a square copper coil in all cases then using the coil inner diameter; d o

AT AT
WT = Elc + 2000 ¥ 400(J.:szl 1bs. (1)

Where dc = coil inner dia, inches

Here the weight of coil hangers and insl. is estimated at
20% of the total.
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6
A 10
Ing Lgis mps 95 (107) £(.8)
#/ in .321

Where L= Coil resistivity in microhm inches
at 400°F and 5000 amps/ in? in CU, use Wt. obtained in equation
(1)x .8

2 _ 25 (1.17) .8 (WT Coil) _
I'R Loss = —T Gross = 73 (WT.) Watts (2)

@ 400°F (240°C)

ROTOR STRESSES

The speed and rating obtainable from a generator are functions of allowable
rotor stresses.

The brushless generator rotors can be made into composite cylinders and

preliminary stress treatment can be on the basis of a cylinder of homogeneous
material.

Maximum stress in a homogeneous solid disk is -

2
_ s, 1 ¥w 2
Max. Sr = MAX“Q—-8—3————(3 + V) R
R = disk outside radius, inches = ,W > RAD/sec
v = Poisson's Ratio = .26 for steel (general approximation)
& = density LB/in3 = .283 for steel )N = REV/rn
283 (217)2 N2 2 *g = PS)
S = 222 (3.26) R )S*
8 386.4 (3600)
3.26 .2 _2
T

A more realistic condition usually is represented by a cylinder with a hole in
the center.
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The maximum stress in a homogeneous circular disk or a cylinder with a small
hole in the center is:

2
1 ¥Yw 2 2]
Max St =17 m [(3+V)R +(1-V)R0
R = disk outside radius, inches
R 0 = disk inside radius, inches

IfR o is small and insignificant

W2

_ 2

W

This equation gives twice the stress calculated in a disk without a hole or -

St - 6.562 N2 RZ
10
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EQUIVALENT CIRCUITS FOR

SYNCHRONOUS GENERATORS




Introduction

In the statement of work describing this study, an equivalent circuit
is requested. The description in part reads: "The circuit and
parameters chosen and evaluated should be capable of completely des-
cribing both steady state and transient performances including various
overloading and short-circuit capabilities.”

"Parameters for the equivalent circuit are to be derived and evaluated."
"Transfer functions and time constants are to be derived and evaluated."

"All applicable reactances are to be derived and evaluated e.g., syn-
chronous, positive and negative sequence, transient and subtransient,
direct and quadrature axes, armature, leakage, armature reaction, etc."

This section contains a derivation of an equivalent circuit submitted
to satisfy the requirement for a circuit describing steady state and
transient performance. This circuit also describes the performance
of the generator when subjected to unbalanced loading.

The derivation of the equivalent circuit described here is an original
work by Liang Liang.

Overloading, short-circuit capabilities, time constants and reactance
are derived and calculated elsewhere in the study.

The equivalent circuits themselves are on Pages 31, 33, 72 and 73.
The symbols are on Pages 2 and 3. Derivations and explanations are
given sten-by-step.
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Nomenclature

Symbol
T - torque
£ = distance

v = Vvelocity

g
[}

force

- voltage

- current

- flux linkage

- frequency in rad/sec
- resistance

- inductance

power factor angle

- reactance

- power

- moment of inertia

- damping factor

- conversion constant
- frequency in cycles per sec
~ number of poles

= mutual inductance

Z X YU oM xR U o ow &K QO om § € ~ 0
]

= turns of winding

N
'

impedance

8 =~ Laplace operator
G(s)- transfer function
P(s) = power density spectrum

@) - correlation function

Q.

e e

by

Dgq

o

£L

o P ot

0

Subscrigt

resultant

reference frames

electromagnetic

direct axis

quadratic axis

armature

excitation field

direct axis magnetizing component
quadratic axis magnetizing component
direct axis damper bar

quadratic axis damper bar
generator

armature leakage

field leakage

zero sequence

shaft

terminal

load

phases

N e o oV N

load of phase
load of phase b
load of phase c

input



x -
" -
n -
A -
B -
Exp -
Do -
S -

Symbol

time constant

amplifier

capacitor

summing junction
time

voltage

error signal
integrator
operation amplifier
multiplifier

square root
potentiometer

kigh gain amplifier
square

state vector
control vector
disturbance vector
coefficient matrix
dvivin 9 matrix
exponential

nature) iq,apﬂ%n\
s %S?fn‘v,f’

ab

be

ca

8s

between phase a and b
between phase b and ¢
between phase ¢ and o
rated

feedback

generator

excitation

steady state



1.

2.

I FUNDAMENTALS

Assumptions
(a) Symmetrical three phase, delta or Y-connected machine with field
.- structure symmetrical about the axis of the field winding and inter-
polar space.
(b) Armature phase mmf in effect, sinusoidally distributed.
(¢) Magnetic and electric materials are rigidly connected.
(d) Neglect eddy current in armature iron.
(e) Neglect hysteresis effect.
(f) Neglect magnetic saturation (optional).
(g) Rotor considered as stationary reference frame.
(h) Parameters are time invariant.
Classical Approach
For all electric machines, the dynamic equation of Lagrange applies (in tensor):
T<= - (2%) 2 L 2 g
dt \QJv« oL A ve=<
The stator and the rotor of the machine are considered as reference frames
respectively. This holonomic expression has to be transformed into unholonomic
before the two-reaction theory can be applied. That is, to choose an arbitrary
frame (stator or rotor) as stéionary and the other considers it as reference.
Thus -
o< d [2Tr Tr 4
T = — — |- 42___. ,.<8 Fam + é;'z:e V'F(:D Cé)
Jt \9ve| &< Sv< = FJy< <
d J
- [9Ck_9Cn |k "
<;29? IREYA YL < -8
= non-holonomic object
R ! t f tion tensors
(;( Qa = ransforma ensor

J

The complexity in solving the problem directly is obvious; therefore, other
approaches are used.



3.

Basic Equations

By means of the two-reaction method and by choosing the rotor as the station-
ary reference frame, the representation of the dynamic behavior of synchronous
generators can be written in set of ordinary differential equations. The
reference frame is resolved into direct and quadratic axis,

Armature -

4= —Reid+ 2t — Yy wy (3
Cy= ~Raip+ B %+ ) @ @®
Cé = Jedz + 8%‘; (5)

¥i=Lomdis = (Loma + L@ Cat Lo, (6)

¥, = _(Lh’w‘s—'f"/_a_“) Lot Lmp i, (D

= R i+ Y ®

% =(erdrlso)is ~Liiy #hmdi, @
Damper bar -

€pd = My ipy +d—4g You =0 (2)

€y = Aoy iy + 5 oy = O D

Yo =/ pd Ly —Lmd L,L+(LMDC*AD.4.>LD,L (/2)

WD?,;"“/_mg— L%—*(LMP+LD$’> ‘:D%« (3
Zero sequence =
eo=—RoLO +24,E_ ‘f; 04}

sUO = .—LO L.c,’) ) 05)



Electromaénetic torque -

Tem = y/dl:ga - ‘7‘/%-"”1

(¢)



(Cpua,clrafic_ Axés

—_— ?A'
b
/3 I

Fige 1 _ Physical Arrangement
LD 4 + ‘ DJ,
. + +
"Dv : A
W
' €
3’ Lz, d
—® -
! f Ly
- Ep—>»O +
Fig, 2 Representation




(1) Under excited
: td
"t +
\?\e
Lgr.‘ R
_\\\\\\\\\

(11) Over excited

Fige 3 Steady state vector representation
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L. Simplification

If detailed accuracy is not essential, it can be traded for simplification.
Damper bar, armature resistances and leakage reactances have relatively

small effects on voltage, current and phase relationship in a normal steady
state operation. Therefore, they can be ignored.

Cs=Kpig +g‘i—'9j§ @),
Cl = :%%r ?iif__ ’%V=LLQ; (?ED
88,::;7’%-%8,4"’}010)}' _ (’7)

W= Lomd (Ls=id) o)
Y= Y% | )
Yo = =L mgig @)
Tem=Vlig— Vgin (23

Additional simplification can be made in a situation where only the steady
state condition of a synchronous generator is considered in a complex system.
Since all the time dependent variables become constant as the transient
settles down, their rates of change approach to zero. A set of algebraic
equations is derived below.

g = Keig 6549)
Col = — ?éy Wwsg. . é?fi)
553,‘== t’:t tb:; (?Zl)

Yo = Lmd (L,c“l'«at) ey
Yoo = ¥ 528;
5k3,1= "lLyn?ai:ar 217

-Z:lhn== 569 égr-"' 9%? Lal ééqi)
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5. Inputs and Outputs

(a) Most literature in discussing the synchronous generator choose the fre-
quencyWg and the field excitation voltage €f as inputs and the terminal
voltage which is resolved into two-axis components as outputs. They are

applied to the balanced loads while the direct and quadratic currents
feedback to the generator. :

< --_fﬁ’”_“’
l
I
~ - el
Wy —— 3] Svnchronous Balanceol
ey —> Genergtor % L oads
T T__ Ld,
a ] Lo
Fig. U Balanced load simulation

It should be recognized that the functions of €d, €q and (y ,
tq can be reversed.

(b) For a more detail representation, electric-mechanical relation can be
included. Thus, the fluctuations of the frequency and of its dependent
variables can be observed. Otherwise, the shaft speed ws has to be as=-

sumed well regulated to stand against any disturbance. Consider the
shaft is rigid.

. L+ w
P“ Synchronous J
€g M Gerevater [ of
[freure. 5
pe= T, ws (31)
L = ol
IL« f&}h i Jtd?i + Dws 62)
wy =L . @5 G2)



(e)

11

Vhere pi is the input power, ‘T . input torque, and P, number of poles.

The moment of inertia J should include that of the prime mover. The
damping factor D is a non-linear element which consists of mechanical

losses like friction and windage. The latter is proportional to square
of shaft speed w,.

The power supply for the field excitation of a synchronous generator
ideally comes from a battery. In practice, it is either from a DC gen-
erator or by means of static excitation for the purpose of regulation.

(1) The transfer function of the output voltage and the excitation
voltage of a DC generator in frequency domain is

Ej CS) — K}’ (3 4)

£Le (o - ﬁi; +Lcs

Fig.'é DC_generator

(11) Static excitation for synchronous generator becomes widely accepted
for obvious reasons like faster response and the elimination of
rotating excitation machine. A typical approach is stated as fol-
lows: Excitation is provided to the generator from load currents
through current transformers and rectifiers. The voltage regula-

tor plays the role of no-load excitation and regulation of terminal
voltage under different load conditions.



Vo&tase

leeju tttor

Such a method can be applied » for instance, for a two~-coil Lundell
generator with both the armature and the field stationary,

yor
2 \J b, L1223 aW NENEEN '
- L 2ccne
Ly 3{ i 3
LO&J
) d
17> ﬁ—ﬁ“UTVU
Freld ‘
HArmature Cuvrrert

Cs=Krig +;’%— ¥,
5,¢= CET R LR
Ye= Y%y + Ve
Ler=Kip

Yr = Umdtlse) isy

Travssorme,.

Figo 7
Static Excitation
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(d) For a detail study of synchronous generator,
is suggested.

be pictured si

unbalanced load simulation
The affects of all kinds of faults due to the load can
mply by adjusting the load parameters.,

Balanced load con-
dition is only a special case.

The major feature of an analog simula-

tion is to convert DC representing voltages of &€, and € into three

phase AC components &, » €b and €. which are applied the

onents (q, L4 &nd c. are converted back into
Certainly the price to

unbalanced load. The AC comp
DC level before fe

pay for is complexity.,

eding back to the generator.

Yo e e b ne e e

n
“—J?:-«b- Synchronous ; 2
_____f-__“ Generaitor ¢
4

L ol {‘; ¢ a

. tb

1,3, Convertor; "

Fig. 8 Unbalanced load analog simulation

: T ea T

‘} ' =1 Unba/a,mezc‘l3
Convertor ce Aoao(, J



6. Conversioﬁ

For the unbalanced load simulation, the direct and quadratic output voltages
of the generator have to be converted into corresponding three phases before
applying to the load. Similarly, the currents from the load have to be con-

verted back into direct and quadratic components before returning to the

Co=€y 5‘”(‘“; é)—ez, ces <w3t> + &, (3‘7>

Ch=eysin(wyt—2F ) - gy cof WL 1€, @)
N

[’ol = ’%Eq. Co:-‘(%é)-l— vh Cos(wjf— ‘23li> +
i, eos(wyt — FF) ] (42)
~ : Ul
by =2 | Lasin(ayt)+ is Sin(wst = 30) +

Losim (et - %’l[)j (43)

S, =——§—<ea,+ @, + e, k44)
Lo= _/37 (é-’v"'z‘ﬁ 'f";c) <4S’)



The load is normally expressed in Y-connection,
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If delta load is used, proper

connection of load can be made as in the analog simulation or convert them
into Y-connection by using the following equations:

Fig. 9 Delta to Y-connection conversion

=Zab =
Z, = ————
-"’:‘-f:t».La .’... £b:‘ ~ = av

¥ oAk I
2, = L

ok + Bpe + Zac
Za - Z(‘\ < Zbc

Zab +Zyp. + Z . -

&,

(47)
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7. Load
(2) Balanced load -

Balanced load can also be resolved into two-axis, direct and quadratic
components. Only the resistive and inductive load are considered.

Cd=R,la+ ), did ) i, Lo/ D)

d €
_ . -~ iaf . ) .
6?_,- f?z_u?( -+ LL";L':_E"' + L;_ L O"j CST')/)

The load can be expressed in another form.

. CcCol S =~ £ s
"Cj_ s, @oﬁ‘f" oLn [r’A ({Ju
)Z. | ) Z, | ¥
* -—Gin 60'59 -
Cg =~ _-eqg+ . 27 e 52
& 2] * |=cl + ( )

2 2 | <2;;L)

jz )= KA
.y ' ("*4
e = (/) =4)
Thus, the load is governed by the power factor, or vice versa.

(b) Unbalanced load -

Again, only resistive and inductive load are considered. However, mutual
inductances among the loads are included.

o . | 4ia H J -
C_q -/@ Lo %ZA——*JIL "/”-:Jo j’:ﬁ‘?_ -—/V]CQ__ ..2.;.._ (5’5‘\
- ~ . AL : :
Fr=FRepis +/g e ~Mas i:,%: —M,. 05; (552)
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9.

Parameter

All the machine parameters are practically time invariant. Their derivations
can be found in the enclosed design manual or other standard texts on syn-
chronous generator. Usually inductive reactance are given., To obtain the
absolute inductive value, divide the reactance by the rated generator frequen-
cy. The unit of frequency should be in radians per second. The direct and
the quadratic reactances computed from the design manual have taken care of

whether the armature winding is Y or delta-connected as well as the number of
pole pairs,

Time Constants

Direct-axis open-circuit transient time constant

7, A2 +LrA @/)
T()’o - R..;, :

Direct-axis shortecircuit time constant

| AN | (5 “>

T =T :

vwhere : <§§jéé»)
Lo = Lind Loz

Lid =) whn e o (5%2)

Ah\’{ Z—f',:.t«

With external inductive load, the direct-axis short-circuit time constant is
adjusted to

T:[ = T;L .E/”( *ZL . ) (5,7>

There is no definite formula to compute the direct-axis short-circuit sube
transient time constant. Usually it is obtained from measurement.



s-,, -

I ...A el
g A 2
DL e

P

R

>

o € o ‘2
\ envy 2y
\
\
\ ~ e N

%\ ey
O \ a'sympt,,{f c e T
avg‘/h}){a{‘_g

SLor T”L

Fig. 10 Short circuit transient time
constants measurement
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10. Non-Linear Elements

(a) The basic equations =~
E1= —Raid + fl—; ¥ - 9’3, s ©)

etc., are non-linear. The non-linear term (*% &ﬁp in this ‘equation
is introduced because of the transformation from holonomic reference
frames into non~holonomic and so as the other analogous.

(b) Magnetic saturation -

It is an inherent property of magnetic material. Usually for the de-
sign of generators a steel of low retentivity is used. The hysteresis
loop is narrow and thus its effect can be neglected. An average
saturation curve can be used to describe the characteristics of the

magnetic path.
Y 4 /

~
y w—w-stra ,,J?),f' /é’“"'l'

:Appfoxm‘ ation

’

z”[ﬁ@fer€5L5‘40qp

Avey age mci}ne tiz atin corve

(-
7

LRSS

E_i_&o 1la

Magnetization curve
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zﬁg averagg magnetization curve can also be expressed in terms of

Q,"Vjtxp ;v» [ S- /L
=
; o Q,oa.a'«
“Eaﬁur'\,ffmn

- @)
s Jee |
Fig. 11b Magnetic saturation approximation

The compensation o versus the terminal voltage €¢ is derived from
the difference between the air gap line and the no-load saturation
curve.

Further approximation can be developed by assuming Am4- independent or
saturation (corresponds to path mostly in air). Only X).4 varies with
the flux. As the generator starts to saturate, X,,{ changes according-
ly. This can be approximated by adding a factor to {4 by the amount
proportional to the difference between the air gap line and the no-load
saturation curve. If the operating point is below the knee of the
curve, a linear relation can be assumed.
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(¢) Mechanical elements =

As in the more detail simulation, the mechanical relation between the
prime mover and the generator is included.

(1) 1If gear is used for coupling, there will be backlash.
T. A

Deg A Space or
time ale,fa}/

Fig, 12 Backlash

(ii) Sometimes a mechanical damper is used to eliminate the mechanical
resonance near the low speed end.

A

Y

W-
>

Fige. 13 Mechanical Damper Response

(1ii) The windage and friction loss is proportional to the square of
the shaft speed.



Analog simulations of
(1) Magnetic saturation - (approximated)
‘s
. ~.4,_
=1
Fig. lLa L
i LDDL
(ii) Mechanical relation -
> v

| )
'[_/p/m MNechanse s’
lhb Z)_? m/".'.' y"
Fig.

22
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Linearization

In the basic equation
: 4 ,
€l = ~Racd +-4; P - ey if};,

the non-linearity is introduced by the product of two time varying functions
wy-and ¥z . Since all the variables are continuous functions of time and
are likely to be monotonic, linearization is possible. For small increment
of change, the equation can be written in a linear form. (Derivation is in
section II-2. Ty s etc., are steady state values.)

A2 = -ﬁm(Aad')-}—;&‘-’—i—(A ‘}Q)— %,{A w&)~ Z:):} (A 5"?) | (s’;)

For constant drive generator, A wa =0

Aeu= =Ko (bia) 5o (A 40) =T (AT) @

To compare with the original equation by setting 3 = Z?% » the choice of

magnitude of the increments for accuracy becomesobvious, Indeed they can be
simply expressed as -

5 o — '
eal_ = ‘.K%U"’L?‘—ﬁ lf)pL — CJ/(/?’ (//'2/ 1\5_@)

Another alternative is that the flux linkages are kept constant. Thus all
currents are invariant. Neglecting R, ,

S = — ¥ oy @

the voltage will be directly proportional to the generation frequency.

However, when the change A w g and AV? are considered simultaneously,
the constraints of the increments are imposed. A larger value of increment will _
sacrifice the accuracy. Since a steady state value of TWg; has been chosen as
the coefficient of A‘fg/, on the other hand, Awsy is tihe varying and its
relatively large change will make Uy dinvalid, gimilar argument applies to
the term % (A ws) and other related equations.,

The linear transfer relations ares

Eg(® GE) T B WJB_—»@——.E*—@

Fig, 15

(a) Constant speed (b) Constant flux linkage
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, Per uni_i".f"sxs‘bem ,
It may’be: Vconvenieﬁ_t for _éome individuals to use per unit sjat’em instead :ot

L

absolute value,

Quantity in per unit = actual quantity

(¢2

base value of quantity

Pbasa =€ s mege /63}
c
Rba,se/ Xba,se/ 36&5‘3 - — base (é4‘>
“ba.se
ﬁa.se :"g“"&‘;‘ (65}
base

13. Power density spectrum

If the input is in power density spectrum form and the generator is linearized
and expressed in frequency domain as G(S) and its conjugate G(-S)

..0=60693,6 &9

assuming the input and output spectrums are autocorrelated. The output
can be converted into mean square value, say of Ce o

e, (0* = ¢oo )
-——-jwiw (e ils

t=o

= [c0atdF, B 67

o°

The evaluation can be implemented analogously or by using the table of
integrals which can be found in many advanced control engineering texts.
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D

>
Fig, 16a Power density spectrum
mu,e‘;,,)ic" S?uari /i’.-at
Integrator Cireoitrr

‘ " o
e s e

-l
a2l
TN
\

e

Fig. 16b Analog simulation
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Faults

Faults are restricted to the load. They may be line to line, line to
neutral, etc. In the unbalanced load simulation, the faults can be pic-
tured simply by appropriate arrangement or by adjusting the load parameters

of the corresponding phase., For example, if phase @& is shorted to neutral,
set RA-O;LA-O.

When it is open, theoretically Ry and Ly become infinity. In computer
practice they can be set many crders larger than the normal value. Use the

same tactic as in cases like I/LA’ while L, is zero.
Converter

In the unbalanced load simulation, converters are required to §enerate Wo
wegt and S nargt as functions ofu/?. (Refer to 835.?39) - (L3) ) By
Laplace transformation

I Em cu?t’j = 5—2-4-5:»3? ‘=\A @8"')

(%

«IEM" wft:] = —5-7—_;_2'—“;;;“—7 B (¢2w)

A ._____Zd%.g (6‘&:)

The analog simulation -

T /
2 > =
Fig. 17 DC to AC converter analog




16. Minimum Time Starting

It has been proved theoretically that switching control can achieve the
minimum time for a system to reach its steady state value after a step
disturbance. Due to the inherent defect of physical components like dead-
band and frictions, dual-mode control is suggested. That is, the switching
control takes care of large error signal while the linear control takes
care of the small error signal in the feedback control loop to generate

the manipulated input, say excitation voltage €4 for the synchronous
generator. (Constant shaft drive)

Baha—gﬂ.ﬂﬁ
Controller
Opf Lmum ,::
Swétahi.ng m'(E) T]— ™m
A >
Loa.nc{ary _I I_M m
C°mf&ter Dead band
M set 2t maximum
Permissible efSort ; ,
FPeart
or ‘
cate €z | synch ronzus ;
. ‘ eraTCoyr e
Reserence + € | Linecar Gener €
Cortroller
L ))‘neasurmj - e
" } element
Fig. 18 Dual-mode control for minimum time starting
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To start a synchronous generator, considering the shaft drive has assumed
its constant speed, the reference as a step function is applied. The _
optimum switching boundary computer recognizes the zero initial state and
the final state from the reference signal and decides the switching points
according to the orders of dynamics of the plant. (For an Tth order linear
time invariant controllable system, with pcles real and non-positive, re-
quires no more than M =1 switchings and an initial-on and 2 final-off
operation to reach final steady state in minimum time.) When the error
signal falls within the dead-band of bang-bang controller » the linear con-
trol takes over.

AMPLITUTE
|

BASIC SYSTEM

STEADY +— —
STATE
VALUE

/\—OPTlOHAL. SYSTEM

_
Ol TIME

Fig., 18a Second order system step function response




29
t
17. Modern Control Formulation '
14—
—— e
v "] PROCESS — be
! ' o
Fige 19a Multivariable process
X_ - state vector
YN - control vector
Y) =~ disturbance vector
For a stationary process, the dynamic characteristics are -
XW=AXW +Bn)+n@) &9a)
i - differential state vector
A  ~ coefficient matrix
B « driving matrix
The solution will be - (from initial state at time t, to final state
at ¢ )
XY= Bxp ACt-+0o) % ($0)
+ ¢
J [EeAG-T)][B m (t)ram]dT
o
Exp: Exponential CGS B)
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IT  BALANCED LOAD

l. Analog Simulation

Use the basic synchronous generator dynamic €4s. (3) to (13), (16) and
balanced load €95.(51) to (5L). The operating frequency is absorbed into
the reactances such as Ymd =Welmd where Wr is the rated frequency.

Per unit system is used. After s me manipulation, a block diagram is
concluded in Fig. I where

- de +X bDd T
Toa = —q C la)
Togq = %— (1)

For the sake of convenience, Laplace operator S is used for differentiation

while 1/5, for integration with initial condition, equals to zero. Magnetic
saturation is approximated,

The inputs to the generator are frequency@ﬁ and excitation voltage

e‘g L
The transfer functions appear in the block diagrén.
Hd (2)= Rq-\.\)sd—y. EICLQ“-XP“A X od 1.\.1’1\‘“5{ . S/UJY\ -
Keod +Xoa 1T i Xod | 1+ Tl - v (J22)

= Ra §_ o I.mq(iD s xzm $/w\'“
H3®=R T we [l £+im;+1§{, *_ﬁﬁfo%:m/ 72b)
wy

DA G)x - LmpX0g o Ximd | S/r

Wr Xmd+Xod  Led+rLod 1+ Tod - S/, (72¢)

Amg. XD f‘m \
D = 1 ?'( 4{ + t 1
¥ C=) al+ DCrmb, +'1D%" )Qm%d-lbrb_ \+‘T‘D%- S/WY_ (72d)
\\(%B:-——RTZ‘:- +—®§;- X;‘ Q]?.e)
(- 8 .
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The analog computer simulation is in Fig. II. Notice the difference

between the circuit representing the first ord

the differentiator,

R¢b
o___lc R ~_
€in sd L7
Cour — CR b cCHS
€ \n (RLCHa=+1
Fig, 20a __ First order transfer function
sy B
C
O ] L /\ re)
€N H SJd \V///// € ouT
AN
Fig, 20b Differentiator

er transfer function and

€ ouT

(7%
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The basic values of the components in the presenting analog computer

are:

Z £

3
(@ — e /\‘ e

for

an

an

v Cour

Covr = Zyp (78)

Fig, 21

100 K resistor

100 K resistor

operational amplifier with unity gain, While

10 microfarad capacitor

100 K resistor

integrator with unity gain and a time constant of one sec.



Pot., No., - Variable
2 Scaling constant

)szg: (O~%
4 X o+ XD,  To
% % %

Yo i
8 o %
Cop) X md
? 102 CXmd + X.Od )

10 Xl + 'J(mq_.. X0 ¢

Imzb.-t- Ibﬁ,
:(.L_ ™ 7
11 rEE::T A CD; 5 FRF;
Rw
T O.76 P.F.
12 = A
X X m 2
: Wr (Ymd +Xod)
15 2_ wg ifﬂ

35

Setting

0.2

0.253

0.318

0.054

0.137

0,661

0.75

0.536

0.248
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Pot. No. Variable Setting
p e
16 AT O,775 PV .
‘ Z. \ 0.661
17 Scaling constant 0.5
Amn*
8
1 wr(\(mf;b:-ID% S 0.317
Ru
19 AT O.75RF 0.75
| Zu |
o Y ol 0.083
22 'ng, Re - (O~% 0.173
l/
23 2 U wd 0.361
50 W
26 100 L€¢) base 027
28 \ 0.98
20 W od
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Pot, No,

48

50

55

56

57

58 W'v (Yaz +

Variable

o, /{)u

r

Scaling constant

Ra

o (X

Ra

Component Value
Ry 306 K ="\
R 10 K ="
Ry 185 K -
Ry, 100 K =

Time scale:

Real time:

Amg, X g Py
4— )fv#%j + )C&)?r ic>

Amd Xod \.

-
Xma +Xod /" '°

Comgonent
C1

C2

Computer time = 100:1

37

Setting

0.2

0.205

0.055

0.205

0.053

Value

10 uf
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2. Digital Computation

(i) Linearization:

For d = “EQ jd +- L/)d (,pz' U,)g‘

Let €4 = €4 +Aey
id = 14 + ALy
Jd= Pd + Ay 4
by = Dy + Mgy

Wy =wg + Ay

where eq is the steady state value and A ey, a small increment
of change. The same definition is applied to other variables.

Let L= (_P%u)gl

o¥X A

sq)q,‘—:wa'
DX N O
0y = F

Substitute the relations into the original equation.

Aey=~-Ra A, +(ﬁ- AYy "(‘*E,ALP%—-I- @'rb, Awg_>

Similar procedure is applied to the other basic equations. The
results are expressed in matrix.

Load:

ﬂ L+5u.._ RL«»s J] [LL 4ﬂ [Awﬂ (76)



Flux linkages:

0 Lma/ Zma/ o
- [ Ly 0 0 //,
5 Ll td L
19 Imd Lod ©
-/ me 0 0 Zo/,/
. 0 0 J
502 0 0 0
0 S 0 0
o 7, S 7,
O o 0 S
/
7’ N r _
did “Yg
d,z.'i, gd
4 4’; + 0 - [A
d.py 4
\d[oj § 0

~ ) /
Ad - Lsd
A g o
A (ﬂf = ‘Z/na/
A hod Lmd
\A wo?/ N 7
Aey | s
de &
A eﬁ; = 0j
0
1,
\ p .
- N
~Ke O 0 O O
0 -Rg 0 0O 0
O 0 K O 0
o 0 0 Kod 0O
o 0 o0 0 foj,
N /

4o
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Laplace transformation has been applied with initial conditions

equal to zero.

balanced load equations become:

oy

)
ded
\46} f

rA €f
des

Leg

/

A¢,
444
A% |

AeJc
dey

deg

"

(

]

) 0
o s
0 —
. “7
r
K o
o 19
O 19,

r
/el. * SZ-L vAL J‘i
nZL ‘;j /(2*5‘/
4 3\

N

R4
d< )
1 Y (
2 d¢f o
—w; A{ﬂ/ + -;”5'
S 4ég) L9
1 (. )
o AAf:
o Ad.<4
o J ey,
Y ¢ \
d,c',c
o, A,,T'a/
_szag_J ~Z74 i' J
"S»(aq/ o
"54/710/ z?[mj,
Gind -Stag ||

~

o,

F

In order to simplify the problem, neglect
damper bar, armature resistance, magnetic saturation, armature

and field leakage inductances. Eqs. (76) to (78) and the

~

4~
N

4e
4.4

ey

®/)

82)
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Assume constant generator frequency.

That isQ@g = O. From eqs. (79) to (82), First solve for

4 ig and Hig. N
(Ae,c} =[/€r#&£m/] V{/] —[Szmq/ o) L]J;‘/J (53)

,-Aeo/]_ (Sém/ ] [ ]

,. a
dop | oy | ¥4 J

,"SZ/)I/ /;‘(;4 ng_
1; l

’ La}' 1 lmd  ~Slmg

['ef #5imd \j ::} N [;Z,/”::/J Edef}

(59

1
4 | ~Simd € “"j [/ﬂﬂ/Zﬂ? < & '(”7 L Jx (55
-wjlmf/(f ) Z/m/lm/g SZM% ,0 Lf' J
S2Lmd [( * S(Zm/ Ef{-lm/,& 7444 /@;‘)7" ff/@a,
S Z‘Z{Z/»/ZL +a%r€c (Zmr/h((.
‘SNjZmo////” %Zé /{(/ (Z/)z 7‘/4 d/(a/
S ¥ ({mg 4 L) #(2omtRe #L /mz,,% £ )+ 2| Wig
= E?ZGWQ/ 47634 Cé;é;)
5; Lind



b3

d/. - Zma/ g
Ajee) < [z ) b »
[Ax‘a/ () [semd 1040
LA /ﬁ ) LA] L;; Zm:/J Ldefj

'(//(Sav‘ Chns?ebustan)
54»‘—5/70 S’%—C/Sz#épsfaf
K2 (s* 48225 # g22 )

b

Ae,

/ \
S———)

k5‘47‘a/f53 A c/,sz,aé05+4/)

= |G/C)

{52 (S)] [def] &8)
£ = Zf— (89a)
&y = Dy Loy w24 ) (894)

[4 (Zjﬂi »* ZL )
2, = f; &~ e, Z);ngzm/%/L) CEP)
K opodf Lo (Lmg #22) Lot Li



Ly

bp = FRLZLrd s 2Le By £l g s e it ]

Z’”é/ e (Lm 444)
74 @/67[ (Zma/l-zéz_{

Lmd Ly (o)
C oy /@ZL A /éf /éL Z)
~ ELarc 7L, 4/”0/((/)7 r‘[‘) g Of (39@)

o (i R hemd Rl 2 ) (Lt s 2L R pdog &)
Z/rld/ Z¢ (Z/);@ #ZL)

Jf = Z’””/’gf b lmd £ /-—Zéf,(‘ L nd &, #—ZL(’/#Z,,% Ex
Lond Lo Lt (Log 442 ) (55¢)

a4, = ZD’;"ff (Z/)’//—ZL) (593)
Lomd ([7 + L)
by = L% - A (894)

/m//[;;% <Ly ) Z/nf e



s

I 1 Ak ,
Cyy = S =7
7 £ /zzj, “ e £ ma @91,)
HAzz = £ L2 (590{)
L nd (Zmyg “ 2dy)
522 —= Cf 2L #~ f (89k)
Z/ﬂf ~ 24y Z/ng/

Generally, % Zma// &Ud{ me >> 27/;; ZL ) (7() ’€4
V7 f,:, /ez, > qu/) me) (/.

The coefficients can be approximated.

&= L (Qoa)
Ly

Ko = ;az (0 8)
Le

2p = ;(Z_ 2 va “}Z) (90¢)
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b = _/Q /?L (2 Z/?l(/& #Z/;; /é;[ #ZA//?{) 2 '
ez 257 zm;_f 2 | (e

Cf: Et B £ (E+/€,{XZM//€4 %4’/;7)4/67()

Lt Le V4 Zm}z Lo’ 7Y Goe,
dp= LLLL (20 #)
Ly
@ = Zr (90 9)
V4 mi'
5//:: / 'ejffg& _Cl-)jjéL) (9OA/\
me_ Loind |
N 73 2 ,
Cun = < KL (90/4)
Zmi Zma/
“e % leffl_ (90 )
o m/@
522 = ’ef /éL A /éé (902)
../m[@ Lind
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Thus, solve for A eg, O eq.
[A (?Q/J___ [/24_1/—5"[’4 -Z—j Z; ] [4/5/]
def ijL &2 #sds d,{?

= f(ﬁ #5L.)8,(5) - Dy Le &5 (5) N
B ) : Ae
I\ZZ;?ZAG/[S)J- (géiszé")éz‘_/‘)) [ }CJ

~

~ -

4, - .
/(3/5 #4923 :§3/-5'355'27‘633;>’L‘733
g P Z -
.y %.;775 ”L(fs /-6/0_, ,(4/0

ol

e/

K 4 (53"(¢¢ stebogsese2)

s ¥ s’ A s C//:.S‘/d)o

~ /

: [63 (s)

Ga{(s)

[4/6’\/] (91)

‘{3 = / C924)




033 = /6' f-’?// ha &jLOZZ
Lo F
=2 2,
= A Le 45//"’/%/ S22
633 éé_ /
- 2
(33 = /& <, ’Lé”-wc?
L
4/5’3 = /€4 -4 C//
..
Le = 2 C"g

bz = _Zé (81 + %622 "'ﬂzz.)

L

2
cop= L (cy rbaa # Zf-_ )

L8

(924)

(724.:)

(92.4)



(ii)

—Gals) Py SR

LG?.C‘Q‘—ZAZ(

Fig, 22

Gi(s), Go(s), G3(s) and G4(s) are linear filters. They can

be implemented on an analog computer. The coefficient of the
filters can be tabulated by digital computer so that a new set
of values can readily be obtained when the machine and/or load
parameters are changed while this implies to change of potentio=-
meter settings.of the analog computer. However, this section
will emphasize on theoretical analysis of the equivalent
filters. Different kinds of stability analysis methods are
used to interpret the relative stability, transient and other
concerns. Numerical examples are given along with the dis-
cussion. Digital computer is used for the computations.

First, the characteristics of the transfer functions of the
models Gy(s), Gp(s), G3(s) and G4(s) are investigated. The
denominator is a fourth order polynomial with all the co-
efficients positive. There will be four poles. Their
locations depend on the generator and load parameters and
the generator frequency which has been assumed constant.
For the system to be stable, all these poles of the closed

49
—;r_G—\zS.)r— Ay
——{ga@ 45T 5q |
+
Aey Ae
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loop system must lie on the left half of the complex plane
so as to ensure convergence. The closed loop system is
assumed to be: (with constant speed drive)

+ ~ € ef &4
TRO SYNCHRONO VS
REFERENCE CONTROLLER 2Eufoa::9. -~
MEASURING
BLEMENT [
Fig, 23

Closed-Loop System

Thus, the synchronous generator and the load can be considered
as an open-loop plant.

A synchronous generator used as a sample throughout the follow-

ing discussion is rated at 120 volt/111 amp line to neutral with
a power factor of 0,75.

Wy
fomd
Lmg
R¢

Ru

.y

2500 radians/second

0.068 henries

0,044 henries

t

1.0 ohms

0.8 ohms

0.0003 henries
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From the previous argument and derivation

G, ) = £ (s)
Ff (s) (93a)
- S57#273x,035%-6.2x 0% L g x2%s-384xs0"
S¥+EX107°5%% 6.5 X10°5%# 437X 10" % £ 3 05x10"

(935)
= 5)(/03(534 /X103 % [, 97x /0 %. 2.07x,07
S+ bx103S A5 x 1052+ 1.37x10 s ~308 x70"

The steady state gains are -

13771 6553(@5)
S —=0

I

/.25

Lim,

S—0 | Ggels)| = 1 /5

Factorize Gz(s) and Gu(s)

G (s). SX10°(5-2/5)(S5+238 (5+/377)
(5#23)(st5300)(s+3¢0F ) 1560
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Gyls)= (5-1570)(5+ 4300 )(S # 57 2 ; 225)

(S+ 23)(s+8300)(S+3¢0 Z /560)

The denominator determines the locations of the open-loop

poles while the numerator determines
The poles are the starting points of
terminate at the corresponding zeros
to infinity. Observe both Gz(s) and
denominator and the poles are all in

the open-loop zeros.,
the root locus which
as the gain approaches
Gy(s) have the same
the left half plane,

therefore, the open loop plant is a stable one. Only Gy(s)

is plotted on the complex plane.
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S- p\alne.

Gyals) = (s+572235)(5-y570)(524300)
(5+ 23)(5+5300)(s+ 3£ r/’ /S5E0)

I
|
|
t 337 o
| T
. I
| l
—— %35 f | JP' - }3|
X== et ¥ — - ——O—=
00 =4300 ~3;c>o —5|7 -23 1570 R
' L
: S - 235
I 337. :
| |
}
X roLe |
O ZERO 5‘""—__-—'_—__" 1S&0
i f2
—— Direction of root locus

towards correqponding
zevrog, AsS the qawn \nCreases.

' Fig. 24 Root locus of Gh4(s)
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Gz(s) and Gu(s) have poles located at -23, =5300, and =360,
The latter is taken from the real part of the pair of complex
root. The correspondent time constants are
T, = % = 0.0435 sec. (9¢a)
1 . -
T = 3g5 = 0.00277 sec. {(9¢b)
Ty = === 2 0.000189 sec (96¢c)
3 5300 ) ’

The last two are comparatively insignificant. Thus, for a
rough estimate, the synchronous generator with excitation
voltage ef as the only feed forward control effort, can be
approximated as a first order system with a time constant
of Tj. Generally, T can be included as subtransient time
while T} as transient time constant. From eqs. (94a) and
94b), steady state gain of terminal voltage e{ over ex-
citation voltage ef can be derived.

Z/m. EZ‘(S) _ Lo | 2 ( ) v LZ.
=0 o, “omo | [G:] +Gas ]

= Qzs?+1152)%
= |.7 | (97)

Therefore, the approximated linear transfer function of et/eg
can be written as:

&(s) — L
E4 (s) C/+7,s)(/7+%Zs)

- £/ (78)
(74 0.02355) (7# 0.002775)
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(iii) Frequency domain plot:

To plot G3(s) and Gu(s) in the frequency domain, let

s = jw

D(s) = 54+(/f5‘3 #* C'/b527‘—6775' 4 L (794)

D(jw) =fa‘/,o - Cfaaﬂ,& w‘?%/'w(éf -Q’%JW")

=0 w)| L8 ' (996)

where

N

_ 1
D(\/'w), = [(070 -_waz,tz,u‘)’,;w"(d/ -;:/fw’/’:]l 999

Sy = Zon™ ‘U(é?o -—::éyl;d?’) (994)
- £
t_.a'/” /w # w
Similarly:
A (5. :/(/3(5 ¢7‘67§?3 S C3 5 %br3 5 + 733 (/Ood/
Az 4/'(4/)»‘ '//3 {/w),g E 3 (/00‘5/}
where
P L

I/V3 (JW)' :A/B (‘733'(3?wz./-w‘;)ﬁwz‘/é_sa—q/;ng‘)ﬂz

(100c)

w(ésa-u’/sg w2'>
éi“" é-ﬂ—/ 433—C;awL#—W¢ (/004)
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NV (s)= K5 (S5 Caa s pay s« dea)  (Jola)

/V¢(/'w> = IA/4. </'w/‘ Sa //0/6;}

where
“

e (]
,//¢g/'”)’= Ke (age-Coz 0¥) % u(bag -2 (o,

A .
&y - & w(boe-w™) (/0/4

& oo~ Cgacw®™

YD es(¢=3)
< T =

D(s)

% (<= &)

Use the same data for the synchronous generator and impose
the same assumptions as in the previous example. Plot the
transfer functions with respect to frequency in Fig. IV,
Consider G3(s), the zero cross-over of the amplitude curve
corresponds to a phase lag of 35°, That is a phase margin

of 145°, G3(s) is far from unstable. One must know that not
all the poles and zeros are in the left half of the complex
plane. The non-minimum phase characteristics prevent the
direct approximation of the phase angle derived from the
asymptotic plot of the amplitude curve,

Fig. 25
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(iv) Transfer function derivation from laboratory data:

Conversely, if a transient response curve is in hand, a
transfer function can be derived from asymptotic plot in a
frequency domain curve. The break-away points of two

asymptotes with 20 db/decade decay difference determines
the time constants. The order of the transfer function
depends on the need of accuracy in describing the
characteristics. It must be noted that a time domni
plot which is the usual czse of laboratory data, should be
transformed into frequency domain plot befere applying the
avproximation technique. The abscissa should be the ratio

of output versus input in decibel while the ordinate,
frequency on radians per second. Suppose an actual curve

is plotted in Fig. D. Three asymptotic lines are approxi-
mated. The zero db/decade line is at 4.4 db which determines
the gain of the transfer function while the two break-away
points at

n
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r/

~

A4y ] /(7, (s)
A/c'j,

/fcz Zm//} -4y (dnd s g,

a‘/ 4
K(/} "Z; /'-‘05//55(. PV N~ A ﬁ’é@ /JQ//J?C
The transfer function becomes -

56 = £
Cr a7 s (re

WY

<
-~ s

7 .
— Zo 4/7//,»{32;/0 /d/é)

2
sy sl rm 50 8)

- /7

-~ “ -~ :
(rrov0235s ) /# 0.002775

(v) Two manipulated variables:

If both Aw and Aef are considered simultaneously,

=
| N - -

J ["QA * {‘*J

/

—
~—

G2(s)

(f b-/z \« A’,,ff ¥~ ZL ) “~ f&i)fg“”;ﬁ (é}hf' 7~ ZL)

J} R, //m’ ,/; - “{T/ (/v Le \//2

60
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[zl + &% )

G (S % (S

where

? - < - ;-
Gs(s) = S s t5ls 405 2 s
:) - S—

S é// 7“3’.3&//) %_ﬁ;l(f 7{5‘&:/'(';7?
. ;
Ge(s) = /4 el y gc # §:j‘ -4-46

B 4@ @‘J 46 J 2 é«? 4]

}
g Gg(s) (G5 (s) |

where

G,(sy =L €245 +F 5745877 ay

Se, 4 3 ;%wt :"c/a,c;-z)/// ey

, ‘ 3/ 2 :

_S'¢€’/,4 ;:“?5//,6 Sz@/é + Sé/;»‘- tt/"J
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Again, approximate the coefficients by assuming
me,/ ZMJ/ >> 44
T4 = LZ/J/{/ (o o ~ 2/”7/47, ‘{;{)/(; y .
# Z:’;/ LL zimf(i; *--{l:/;J (/094)
M
b= ,(;4 [Zﬂ? (2 Lnd 20 "L//ﬂ[é /63()4;_ Aé} /’?'%/df "/Z,;’)J
Go4c)
i, - ,z/:—-,f' o
Z{e. 9 Z me'4’f’ 7"/‘? 4/”/ /(/ "',«(z;)/ /} (/04d)
A = Lo Lmdt C(;- 4)) (rod e

<4 :Zﬂf/oj'},/_“’/)(& £bs)- 3 L omd/ L"’/’ /g; (70 4+)

oy 2} (@ toa (G-} 3, L3y ) (os.)
57 ="<4 {:/.{5" *‘f/,&r/g/) _ i\ /04(:)
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' - II /.‘_-— c:: - 7 ,T- :'// 4 ’)

C/7=/(447/:> "44(65 dfo/é .,}%/ </a,) 0¥,
L et hy B i e —ca o o d k&
(7 Z 5 4L 3 &U; (:'D 5/1/ —/ﬁ) )
*57 - /é‘ 5“' *Z (ﬁr ;76 ‘5/ - J.,/J//”gj -’/,}.:)44/‘)
v - e £

07 :KL 2= Zé (Wé{ Qé +4 .ﬁf ,dj; Y. (/04/’7)
.;257 ZL x\ /A-f-' Cd) (/O¢ﬂ)
;7/5 = '—Jz. ﬂg 7’—[4 f'.ﬁcé £ &? A ///, ,(;) {/)04 o)
6‘31‘4 Cé v‘*/‘(-ééaﬁ-a} Cj.f’c/@,éd) 60¢ﬁ)
b= L by Flilay «a by gy Lo ) rotg)
Tp Ceag hi By A 2y L Cros
ef': zo%/ Zmi’ [4 (/O¢5)

Sy et [ Lot lrg (e £y 1 ly &)} Wit

cp - - Lpd [Zm (/,4 0, L ,{4) .
//37( %pA/\ZM//? 741/724 /é,:)] (/0¢4¢)
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ﬁf = ()7( [/Q (;‘24‘,,,,/ &, ,4-_‘{)7{ Lmd + //7;;, «€/> ‘
# gt Ld Loy \e4v)

;.

@y = 2 P Y z:; Ld £ ong ) Codw)

The increments of the variables have to be small for the
formulation to be valid. The result is an interacting system.

—= Gz
YAl p—
d A + ¢ dey
— e G 4(3) — 3Q
.F
l +
S 63'7 (Ea) VU SQRT
+ Aet
dwg‘——-———» + |
. 5 Ae
S Caés(s) +- ugﬁman- Sc;_

Fig, 26 Linearization of two control variables




(vi) Closed loop control:

-+ & N . .
r ,-Q | Gel(sd | L Gs(s)|— s,

675 (3): transfer function of synchronous generator

G, ciSj= controller

H (s) = measuring elements
T({,) = closed-loop transfer function '
where .'
;(£)= éc(ﬁjés(s)

/A His) 6c(9)/65(s)
Assume:

P g
Gsis)z S #2Bx10°5%-62%10°s% [ x1%5- 3 Baxs0”
S¥r é X/05 53 %é.;X/D‘Szv‘/37X/O,°5 *A 3. 08K r0 ’

A ls)= 10O

65
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It is desired to find the maximum permissible gain K for a

stable operation. Hurwitz criterion states that a characteristic
equation

y
Aps Gy, s ___ P25 °#F,s +Po= O

All the determinants

=, Ao o o — -
&3 72 <, o — — -
s 22 3 g o —
7; 4z - - -

must be positive for a stable system. The characteristic
equation of T(s) is

[*HE) G (s)Gs (S)e O

ieea,

(r#&)S %4 (h 2. 7% ) 10 73 4. (4.5 62 £)oés™

/e

e (738-6K)1585 £(3.08- 3.64K)10"= O

Set the determinants equal to zero for critical condition.

(/38-@K>/05= o

Ar= 23
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(]38 -¢4&) 168 (308-3.84%) /0"

(6 -2 734 ) 103 (C.6 -¢.ox )/6¢

i.e.,

K2-32.0k #33.3=0
K36 or Jos

Since both values are valid, it is desirable to choose K» = 31.6
(136 —ci)io® (366-342¢)6" — ©
(6-2.73¢)p? (p6-C2& )rob (1,384k)),8

o J ALK (62734 )70

i.e.’

(":Bz?.ék"rc/ié'.é‘»(/- 8.6 =p

K=3476 , 338 o 454

It is desirable to have K3 = 34,76

To compare with the Kg obtained from the three determinants,
in order to satisfy the criterion, the smallest value should
be chosen. That is K = K; = 23,




(vii) Sensitivity:

Since any component of the same kind may not be identical

due to various reasons, it is beneficial to learn the

variation of total performance with respect to the deviation

of characteristics of a certain component. It can be the para-
meters of the plant, the gain of the amplifier or others. For
instance, one would like to know the effect of K on T(s) in

the last example. Define sensitivity as

5= S i £

A G
- O/L/:é:){/,a (7;_()-,)7
(b A7)

/

«
/+&§S

l

The smaller the value of ST, the less effect of variation of

K on T(s). However, in this example, the sensitivity is al=-
most linearly related to K because KG >~ 1.

(viii) Degrees of Freedom:

By investigating the closed-loop transfer function
;7739 q?f'CS) Gs C?;)
S A A G (5)Gg(5)

68



(ix)
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assuming the plant Gg(s) is fixed, one can adjust the controller
Go(s) or feedback element H(s) respectively to obtain a desired
T(s). Thus, there is only one degree of freedom., If Gc(s) and
H(s) are adjusted simultaneously, there will be two degrees of

freedom. The latter is more flexible amnd many a time the im-
plementation is much easier to be realized.

Model Approach:

Another method to enforce a specified transient response of a
synchronous generator is by introducing a model which describes
the specification precisely. The block diagram will be as
follows:

USSR |

1 Gn) O] 4o fo—

o

s _?
G, (s)

. (5)

Gs (/v‘écém
/) +Gc Gs H

let H = 1 and make
V| G| >7 |

-y

Q.
A

o
7= G



where
0(s)
I(s)

Gp(s)

output
input

transfer function of model

70
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